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ABSTRACT 
The compressible filtered Navier-Stokes equations were solved using a second order accurate 
finite volume method with low Mach number preconditioning. A dynamic subgrid-scale stress 
model accounted for the subgrid-scale turbulence. The study focused on the effects of buoyancy 
and rotation on the structure of turbulence and transport processes including heat transfer. 
Several different physical arrangements were studied as outlined below. 
The effects of buoyancy were first studied in a vertical channel using large eddy simulation 
(LES). The walls were maintained at constant temperatures, one heated and the other cooled, 
at temperature ratios of 1.01, 1.99 and 3.00. Results showed that aiding and opposing buoyancy 
forces emerge near the heated and cooled walls, respectively, while the pressure gradient drives 
the mean flow upwards. Buoyancy effects on the mean velocity, temperature, and turbulent 
intensities were observed near the walls. In the aiding flow, the turbulent intensities and heat 
transfer were suppressed and the flow was relaminarized at large values of Grashof number. In 
the opposing flow, however, turbulence was enhanced with increased velocity fluctuations. 
Another buoyancy study considered turbulent flow in a vertically oriented annulus. Isofiux 
wall boundary conditions with low and high heating were imposed on the inner wall while the 
outer wall was adiabatic. Comparisons were made with available experimental data. The re­
sults showed that the strong heating and buoyancy force caused distortions of the flow structure 
resulting in reduction of turbulent intensities, shear stress, and turbulent heat flux, particularly 
near the heated wall. 
Flow in an annular pipe with and without an outer wall rotation about its axis was first 
investigated at moderate Reynolds numbers. A non-uniform grid in the radial direction yielded 
very accurate solutions using a reasonable number of grid points. The mean and turbulent 
quantities of the non-rotating annular pipe flow have been compared with the available exper­
imental and numerical data. When the outer pipe wall was rotated, a significant reduction 
of turbulent kinetic energy was realized near the rotating wall and the intensity of bursting 
effects appeared to decrease. This modification of the turbulent structures was related to vor­
tical structure changes near the rotating outer wall. It has been observed that the wall vortices 
were pushed in the direction of rotation and their intensity increased near the non-rotating 
wall. The consequent effect was to enhance the turbulent kinetic energy and increase the heat 
transfer coefficient there. 
Secondly, a large eddy simulation has been performed to investigate the effect of swirl on the 
heat and momentum transfer in an annular pipe flow with a rotating inner wall. The numerical 
results are summarized and compared with the experimental results of previous studies. The 
simulations indicated that the Nusselt number and the wall friction coefficient increased with 
increasing rotation speed of the wall. It was also observed that the axial velocity profile 
became flattened and turbulent intensities were enhanced due to swirl. This modification of 
the turbulent structures was closely related to the increase of the Nusselt number and the 
friction coefficient. 
As a part of the study of rotation effects, large eddy simulation of a rotating ribbed channel 
flow with heat transfer was investigated. The rotation axis was parallel to the spanwise direc­
tion of the parallel plate channel. Uniform heat flux was applied to the channel for two rates 
of rotation. The results showed that the rotation consistently altered the turbulent structures 
near the walls. Near the stable (leading) side, the turbulent intensities and heat transfer were 
suppressed, but turbulence was enhanced with increasing shear stress and turbulent kinetic 
energy near the unstable (trailing) side. 
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CHAPTER 1 INTRODUCTION 
1.1 Overview 
Turbulent flow occurs in many engineering applications. In the past, analysis of the tur­
bulence structure has been difficult, and it has been almost impossible to measure all the 
important values experimentally. However, it is possible with computer simulations to view 
the flow variables in three-dimensional space. Before the computational method is introduced 
in this chapter, it is necessary to define turbulence in order to understand the objective of this 
project and its goals. Turbulence is characterized by the following words: 
- Turbulent flows are unpredictable in the sense that small uncertainties in initial conditions 
leads to exponentially increasing uncertainties in future particle trajectories. In other words, 
turbulent flows are chaotic. 
- Turbulent flows have highly increased mixing properties. 
- Turbulent flows involve a wide range for spatial and temporal scales. They are three-
dimensional and time dependent. 
According to Hinze (1975, p2), the above definition can be summarized as follows, "Turbulent 
fluid motion is an irregular condition of flow in which the various quantities show a random 
variation with time and space coordinates so that statistically distinct average values can be 
discerned." 
Generally, turbulent fluid motion is governed by the unsteady Navier-Stokes (N-S) equa­
tions. Even if basic conservation concepts (conservation of mass, momentum, and energy) are 
enforced by the N-S equations, there is no analytical solution available for turbulent flow. Nu­
merical approaches are adopted to overcome this difficulty, but still getting accurate solutions 
is quite a challenge. 
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1.1.1 Direct Numerical Simulation (DNS) 
Direct numerical simulation (DNS) refers to solving the N-S equations without averaging 
or approximation except for the numerical discretization. It, therefore, attempts to resolve 
all the motions from largest to smallest scales. Since all the scales need to be resolved, grids 
should be very fine to capture all the small scales. Moin (1984) approximated the relation 
between total number of grid points and mean Reynolds number, 
(1.1) 
where N is the required number of gridpoints and Rem  is the Reynolds number based on the 
mean velocity. 
As it can be seen, the required number of gridpoints is proportional to the | power of Rem .  
Since the number of gridpoints is limited by computational speed and memory, today, DNS 
can only be performed at low Reynolds numbers. 
Another requirement is that DNS should be performed with high-order accurate schemes 
in order to allow use of a relatively coarse grid size, but it still requires large computational 
resources. Despite the large computer resources required, many researchers (Kim at al., 1987; 
Reynolds, 1990; Kasagi et al., 1998; Debusschere et al., 1998) have used this method, and 
have shown it to be a valuable tool to predict flow and heat transfer characteristics. The 
information obtained on velocity, pressure and temperature may be regarded as the equivalent 
of experimental data or as even more accurate than some experimental data. For instance, 
Kim et al. (1987) have pointed to some possible errors of standard hot-wire techniques after 
some discrepancies were found between their computational data and reference experimental 
data. 
In short, DNS is clearly able to provide very accurate data, and it is an attractive approach 
if there are enough resources available. However, it is not feasible to use DNS for flows in 
which the Reynolds number is too high or the geometry is too complex. 
3 
Resolved scales 
4 k 
Figure 1.1 The energy spectrum divided up into resolved scales (k<k c )  and 
subgrid scales (k>kc) for the purpose of large eddy simulation. 
1.1.2 Large Eddy Simulation (LES) 
As explained, DNS uses high-order numerical schemes and fine grids to resolve all the 
scales of motion, thus requiring a huge amount of computational resources. Unlike DNS, 
large eddy simulation (LES) doesn't attempt to resolve all scales; rather, it only resolves the 
large scale motion. This basic idea of LES can be explained simply using the context of 
spectral simulations (Kim et al. (1987); Hahn et al. (2002)). Suppose that we only simulate 
modes for which the wavenumber, k, is less than the arbitrarily chosen cutoff wavenumber, 
kc as illustrated in Fig. 1.1. In other words, the Navier-Stokes equations are solved in the 
wavenumber interval 0<k<kc. Practically, this kind of simulation will fail to transfer energy 
from wavenumbers below kc to those above due to the truncation at k=kc. But this energy 
cascade (from the large scales to the small scales) will be effectively introduced by an effective 
viscosity. 
In terms of strength, the small scales are much weaker and provide little transport to the 
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conserved properties. They can be considered as nearly isotropic in the LES method. These 
small scale motions are filtered out and their effects only represented using a "subgrid scale" 
(SGS) model. Since only large scale motions are resolved, LES uses fewer computational 
resources making it more appropriate for more complex flows than can be addressed by DNS. 
Recently, the most widely used SGS models have been the Smagorinsky (Smagorinsky, 
1963), and dynamic (Germano et al., 1990) models. The basic difference between the two 
models is that the dynamic model is able to evaluate the model constant at every spatial 
gridpoint and time step by use of the LES results. For instance, the effect of the model has to 
be reduced very near the wall. The dynamic model correctly reduces the parameter whereas 
ad hoc damping needs to be employed with the Smagorinsky model. However, in its present 
state, the spatial variations in the model parameters predicted by the dynamic model may 
cause numerical stability problems for some schemes. 
1.1.3 Reynolds Averaged Navier-Stokes (RANS) Method 
Methods such as DNS and LES require enormous computer resources and provide infor­
mation with more detail than is necessary for many applications. This is why the Reynolds 
averaged Navier-Stokes (RANS) method is most commonly used in the CFD community. "Av­
eraged" means that all the unsteadiness is averaged out by use of time averaging. Initially, all 
the variables are defined as 
f) = <X%,) + </(%«, t) (1.2) 
where 4>(xi)  = lim^-too^ /0T </>(xi , t )dt , t is the time and T is the averaging interval. 
On averaging, the character of nonlinearity needs to be treated specially, i.e., needs to be 
modeled. Various modelings have been used among researchers and the degree of success has 
been varied, as well. 
In spite of many efforts to develop turbulence models, the progress has been limited so 
far. The large scales depend, as mentioned before, more on geometry and it is, therefore, not 
appropriate to apply RANS which models all the scales in many applications. DNS and LES 
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methods are gaining popularity in the CFD community as a means to overcome the difficulties 
associated with the RANS method. 
1.2 Motivation 
As mentioned above, LES is clearly less expensive than DNS computationally, but more 
costly than the RANS method. LES always requires time-dependent and fully three-dimensional 
computations and also requires long periods of time to obtain meaningful statistics. The LES 
method has proven to be more accurate and it provides more detailed information about 
turbulence than the RANS method. The motivation for this study is to understand flow char­
acteristics of complex geometry with wall and system rotations under the effects of strong 
buoyancy and property variations as outlined below. 
1.2.1 Vertical Channel Flow 
Direct numerical simulation (DNS) and large eddy simulation (LES) provide a means for 
obtaining detailed information about turbulent flows. Such simulations can provide detailed 
information that is difficult to obtain experimentally. The present research is concerned with 
turbulent flow with heat transfer under conditions where buoyancy effects may be significant. 
Experimental data for such conditions are somewhat limited and the only known DNS or LES 
studies have been those in which fluid properties have been assumed constant except for the 
density in the buoyancy force term (Iida et al., (1997)). 
Wang and Fletcher (1996) performed LES computation of compressible turbulent flows 
which permitted large variation in fluid properties. However, the buoyancy effects were ne­
glected. Systems, for which the buoyancy force acts in the same direction as the flow, are called 
aiding flows. When the directions are opposite, they are called opposing flows. Jackson et al. 
(1989) showed that the velocity fluctuations were enhanced greatly for the opposing flows as 
the buoyancy increases, and the opposite change was observed for aiding flows. Unlike velocity 
fluctuations, the temperature fluctuations are decreased for opposing flows because the mean 
temperature gradient is reduced. This is strongly related to the heat transfer configuration. 
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Nakajima and Fukui (1979) investigated turbulent mixed flow of free and forced convection 
experimentally in a very similar configuration and pointed out that the buoyancy force reduces 
the turbulent intensities in the aiding flow case, and enhances the turbulent intensities in the 
opposing flow. Carr et al. (1973), and Jackson et al. (1989) provided experimental evidence 
in the opposing flow that the turbulence was enhanced and the mean velocity decreased in 
opposing flow. 
1.2.2 Vertical Annular Pipe Flow 
Annular pipe flow is encountered in numerous engineering applications including gas -
cooled nuclear reactors, heat exchangers, and advanced power reactors for both fission and 
fusion. These applications commonly employ turbulent flow with significant heat transfer 
resulting in large property variations. However, many proposed analytical and computational 
models provide poor predictions for convective heat transfer even when the properties can be 
idealized as constant (Mikielewicz, 1994), and it is very clear that the level of difficulty will be 
increased significantly if the property variations with buoyancy forces are considered. 
Polyakov (1973) reported that the buoyancy forces modified the friction factor, the Nusselt 
number, and the velocity and temperature wall laws for turbulent heated flow in a vertical 
circular pipe. Zarate et al. (1998) performed an experiment for the heated inner wall of a 
vertical concentric annular channel flow and found that the velocity and temperature data did 
not follow the respective wall laws when the influence of the buoyancy force became large. 
1.2.3 Ribbed Channel Flow with Rotation 
The flow over two and/or three-dimensional obstacles of different shapes and sizes with 
and without rotation have been studied extensively by numerous investigators due to its im­
portance to engineering applications. Among these are flows in turbines, pumps, diffusers, 
and electronic components (Matsubara and Alfreson, (1996)). In many of these applications, 
enhanced surfaces and rotation significantly alter the structure of the turbulence. Han et al., 
(1978) conducted an experimental study to investigate the effect of rib geometry on friction 
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factor and Stanton number for turbulent flow. It was found that the shape of the rib affected 
the friction factor, while a modest effect was observed on the heat transfer. 
Bergeles and Athanassiadis (1983) studied the influence of the streamwise length of a rib 
on reattachment length and showed that a sudden decrease in reattachment length from 11 to 
3 rib heights was observed when the length to height ratio of a rib was greater than 4. Sparrow 
and Tao, (1983) used the naphthalene sublimation technique in flat rectangular channels of 
large aspect ratios with obstacles situated on one of the walls of the channel and oriented 
transversely to the flow direction. The results showed a substantial enhancement of Sherwood 
numbers (Sh) compared with the smooth-wall duct. Drain and Martin, (1985) performed laser 
Doppler velocimetry (LDV) measurements of the fully developed water flow in a rectangular 
duct with one surface roughened with a periodic array of elements. They found that the k-
e turbulence model tended to seriously underestimate the reattachment length, which is an 
important indicator of turbulence structure. 
The interaction of the Coriolis force in the rotating system with the mean shear causes 
stabilization and déstabilisation near the two walls. The concept of stability (instability) 
is related to a decrease (increase) of the turbulence levels with respect to the non-rotating 
case. Figure 1.2 shows the graphical representation of stable and unstable regions (Lezius 
and Johnston (1976)). It shows that the flow is destabilized (turbulence enhancement) on one 
side of the channel, and stabilized (turbulence decay) on the other side. Figure 1.3 shows the 
stability analysis for different rotation numbers. Ro is the rotation number (= coD/U), where 
LO is the rotation speed, D is the channel height, and U is the average axial velocity. The lowest 
critical Reynolds number is found to be around 88 at Ro — 0.5. In other words, the onset of 
turbulence occurs at Re — 88 compared to a critical Reynolds number of 400 at Ro = 0.01. 
Tse and McGrath (1995) performed an experiment using laser-Doppler velocimetry to 
measure rotating flow at a Reynolds number of 25000. The experiment showed that the 
Coriolis-driven flow was from the low-pressure to the high-pressure side in the middle part of 
the channel. This explains why an asymmetric distribution of the velocity profile was noted 
above. Meng and Fletcher (2000) studied rotating channel flows with and without heat transfer 
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Figure 1.2 Stable and unstable regions in a rotating flow (Lezius and John­
ston (1976)). 
using LES and found that Coriolis forces enhanced turbulence production and increased the 
intensity of turbulence on the unstable side (trailing or pressure side), whilst Coriolis forces 
reduced the production and the intensity on the stable side (leading or suction side). The 
effects of rotation on secondary flow and the stability of the system have been documented by 
Taslim et al. (1991). 
According to Wagner et al. (1992), approximately 75 percent of the estimated uncertainty 
in calculating the heat transfer coefficient was due to the temperature measurement error. 
Furthermore, it can be very difficult and expensive to obtain detailed information about the 
flow distribution in a ribbed rotating passage experimentally. Large eddy simulation presents 
an attractive alternative to experiments for studying details of such flows. 
1.2.4 Turbulent Annular Pipe Flow with a Rotating Wall 
The centrifugal force caused by the swirl induces stabilization or destabilization of the 
flow depending upon which wall of an annulus is rotating. Enhancement of the turbulence 
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Figure 1.3 Critical Reynolds numbers for transition to turbulence in the 
presence of rotation (Lezius and Johnston (1976)). 
is observed when the inner wall of the annular pipe is rotating. This phenomena is related 
to Taylor vortices as indicated in the experiments conducted by Becker and Kaye (1962) and 
Bjorklund and Kays (1959). 
Murakami et al. (1980), Kikuyama et al. (1983), and Nishbori et al. (1987) studied 
turbulent pipe flows with a wall rotation stabilized by the centrifugal force. These experimental 
results showed that the velocity component was laminarized with increasing rotation rate of 
the pipe wall. The turbulent fluctuations were also suppressed as the flow was stabilized by 
the centrifugal force with rotation. 
On the other hand, the centrifugal force destabilizes the flow in an annular pipe flow with 
an inner rotating wall (Schlichting (1968)). This is due to the Taylor vortices as mentioned 
earlier. An extensive study with heat transfer was conducted by Gazley (1952, 1958). The 
inner rotating cylinder was heated by a resistance heating coil, and the outer cylinder was 
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cooled by a water jacket. Several different axial speeds and rotation rates were tested. 
Bjorklund and Kays (1959) performed convective heat transfer measurements between con­
centric rotating cylinders. This experiment provided a correlation of the effect of the ratio of 
outer wall rotating speed to inner cylinder speed on heat transfer rate. However, this research 
only considered the limiting case of zero axial flow in the annuli. 
The previous studies of the annular pipe flow (Becker and Kaye (1962) and Lee et al. (2003, 
2004)) confirmed that the rate of heat transfer is dependent on the following variables: 
1. Speed of rotation of wall. 
2. Axial velocity of fluid. 
3. Temperature gradients at the walls of the annulus. 
4. Surface roughness. 
Since smooth walls were used throughout this study, the heat transfer rates are functions 
only of axial velocity (or Reynolds number based on the inlet axial velocity), wall rotational 
speed (or Taylor number), and gravitational force (or Grashof number). 
Although the physics of swirling flow in annular pipes are quite complex, few numerical and 
theoretical studies are available, especially for the case where the wall rotates. In this thesis, 
numerical studies are presented to investigate the effects of the swirl on the flow and heat 
transfer in an annular pipe flow with a rotating wall. The axial and circumferential velocities 
are compared with available experimental data. Various Reynolds numbers and rotational 
speeds were simulated to determine their influence on the Nusselt number and the friction 
coefficient. 
1.3 Dissertation Organization 
The governing equations for the LES of compressible turbulent flows are described in detail 
in Chapter 2. The compressible Navier-Stokes equations are nondimentionalized and Favre 
filtered. The modeling of the sub-grid scale terms arising due to the filtering operation is 
discussed. Finally, the integral-vector form amenable to the development of finite volume 
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formulations is presented. 
The details of the finite volume formulation are given in Chapter 3. First the dependent 
variables and computational domain are discussed. This is followed by the presentation of 
second-order accurate spatial discritization of the inviscid and viscous fluxes for hexahedral and 
tetrahedral control volumes. The time derivative preconditioning technique is mentioned and 
implemented. The implicit lower-upper symmetric-Gauss-Seidel (LU-SGS) time integration 
scheme is used to solve the equations in a pipe geometry based on Cartesian coordinates. The 
various boundary conditions used in this work are also discussed. 
Chapter 4 gives the results of the turbulent combined flow of forced and natural convection 
for a vertical channel flow with significant heat transfer. Results with low and high heat 
transfer for the unstable buoyancy case will be given. Direct numerical simulations, large eddy 
simulations, and experimental data are used to make comparisons with results from this study. 
Results for rotating ribbed channel flows with and without heat transfer will be reported in 
Chapter 5. The rotation axis is parallel to the spanwise direction of the parallel plate channel. 
The influence of system rotation on the distribution of mean velocity, mean temperature, the 
turbulent intensities, heat transfer, and turbulent kinetic energy near the leading and trailing 
walls will be investigated. 
Chapter 6 will present studies about vertical turbulent annular pipe flow under conditions 
in which fluid properties vary significantly. The effects of buoyancy on the turbulent struc­
tures and transport will be investigated. Two different heat flux conditions will be utilized. 
Comparisons will be made with available experimental data. The chapter will give the results 
of the strong heating and buoyant force causing distortions of the flow structure. An extensive 
study of turbulent intensities, shear stress, and turbulent heat flux, particularly near the wall 
will be conducted. 
In Chapters 7 and 8, the results of an annular pipe with wall rotation will be presented. 
Chapter 7 deals with the outer wall rotating and Chapter 8 the inner wall rotating. The 
numerical results will be compared with the experimental results of previous studies. The sim­
ulations will show how the Nusselt number and the wall friction coefficient vary with increasing 
12 
rotation speed of the wall. It will also show the effects of swirl on the axial velocity profile and 
turbulent intensities. 
Chapter 9 will summarize the present work and provide conclusions, and recommendations 
for future research. 
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CHAPTER 2 GOVERNING EQUATIONS 
The numerical scheme employed in the present study for both channel and annular tur­
bulent pipe flows solved the conservation equations formulated in the Cartesian coordinate 
system. Advantages of this approach for the turbulent annular pipe flows include the follow­
ing. First, the Cartesian based equations are as simple as possible and can be put in strong 
conservation (or divergence) form. This generally helps toward maintaining accuracy since us­
ing the alternative coordinate-oriented systems such as the cylindrical or polar systems require 
that the basis vectors change directions. This introduces an "apparent force" to cause the turn­
ing that is non-conservative in form and hard to represent accurately. Second, the equations 
in the cylindrical and polar systems contain singularities at the coordinate origin. It is true 
that grid-related singularities may also occur when the Cartesian-based equations are used, 
but these are usually easier to accommodate than singularities in the equations themselves. 
For gas flows with property variations (density, viscosity, and thermal conductivity), the 
compressible N-S equations are applicable even if a low speed case is dealt with. 
2.1 Compressible Nondimensional Navier-Stokes (N-S) Equations 
The nondimensionlization with respect to dimensional reference quantities followed Dailey's 
(1997) process. The nondimensional variables are defined as follows, 
— xi  j i0, 
P = PI/PO, 
P =  P'i  /POi 
u i  ~  U i /U 0 ,  
P = P*/POU$, 
k  = k*/k 0 ,  
t  =  t*/LQ/UO 
T = T*/T0  
(2.1) 
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R = I /7M00 
where the subscript 0 and superscript * denote values at a reference state and the dimensional 
value, respectively. 
After the nondimensionalization process, the governing equations are 
• Conservation of mass 
# + M 
• Conservation of momentum 
where 2^3 Où j represents the Coriolis force, is Levi-Civita's alternative tensor and 0 is 
the angular velocity of the system. 
• Conservation of energy 
9{pE)  d(pEuj)  _ d(puj)  _  dqj_  +  dja^Uj)  
d t  d x j  d x j  d x j  d x j  
^ (2.4) (2ePr#e2) 
where <$i,- is the Kronecker delta and the specific total energy is E = e + 1/2UjUj  
The non-dimensional heat flux vector is, 
q
'  
= 
-¥r t^ ,  (2'5) 
the dimensionless viscous stress term, <7,,•, is, 
(2.6) 
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e  is the temperature difference defined by 
6 = (Tin - 76)/2& (2.7) 
where Tin and Tf> represent the inner wall and bulk temperatures, respectively. 
And the Rayleigh number, Ra, is, 
fia = (2.8) 
A perfect gas equation of state was used since the intermolecular forces were assumed to 
be negligible, 
p = pRT (2.9) 
where R is the nondimensional gas constant. For the property evaluations, the following 
functions were used. 
f i  =  k = T a  (2.10) 
The exponent a has been taken as 0.71. 
2.2 Filtering 
To separate the large-scale (or resolved) variables, denoted by an over bar, from the small-
scale variables, a filtering operation needs to be defined as 
f (x)  = [  f (x ' )G(x ,x ' )dx '  (2.11) 
J  D 
where G is the filter function, and D is the entire domain. 
There are three different forms of the filter function that have been used in CFD appli­
cations, the spectral cut-off, Gaussian, and top-hat functions. In this research, the top-hat 
function was used, and it is defined as 
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G(x)  = [1/A % f  W~A/2 (2.12) Lo otherwise 
where A is the filter width given by A = (ArAyA2)3. AXL Ay, and AZ are the control volume 
dimensions in the x, y, and z directions. 
2.3 Mass-Weighted (Favre) Averaging 
The unsteady compressible N-S equations are a mixed set of hyperbolic-parabolic equations 
in time, and it is possible to solve them for both low and high speed flow. However, the 
treatment of compressibility is not convenient unless mass-weighted averaging is used. To 
simplify the filtered equations, a Farve-averaging (Erlebacher et al. (1990)) is applied. This 
mass-weighted approach introduces the following new variables. 
/= y (2.13) 
where / is a general flow variable. 
Generally, the variable can be decomposed as 
/ = / + /' (2.14) 
where / and f are the Favre-averaged variables and its fluctuation, respectively. 
The compressible N-S equations, Eq 2.2 - 2.4, are filtered and become 
d(pE)  d[(pE + p)ù J ]_  djûjâi j )  dq 3  
dt  dxj  dxj  dxj  
Ra __ f dq t j  
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where 
a = ùi—^- (2.18) 
OX; 
(2
-
19) 
e 
= 
(2
-
20) 
For the present work, a, tt and e were neglected since only low Mach number flows were 
considered, which is an appropriate assumption for Mach numbers below 0.2 (Vreman et al. 
(1992)). The filtered viscous stress tensor and heat flux vector are 
dûi  dûj  \ 2 dùk -
dxj dxi J 3 dxk (2.21) 
C p /x  dT_ 
ci 
the turbulent stress tensor and heat flux vector are 
® - (2'22) 
i ij — p(uiUj ii'i Uj ) (2.23) 
Çtj  =  pC v (u jT -  ûjT)  (2.24) 
2.4 Eddy Viscosity Model 
Eddy viscosity, or gradient-diffusion methodology is the most widely used SGS modeling 
approach; it is similar to the Boussinesq approximation for RANS turbulence models. By 
assuming that the anisotropic part of the SGS stress tensor is proportional to the rate of strain 
tensor, the SGS stress rate tensor is given as 
Ti j  — —q Sa = -2//f (^Si j  — ~Skk^i j^ j  (2.25) 
where q 2  = T&& is the isotropic part of r^. The turbulent, or eddy viscosity is defined as 
^ (2.26) 
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where the magnitude of the strain rate tensor is 
(2.27) 
The filter width, A, is typically given by A = (A$AyAz)1/3, where AX ,  AY and AZ are the 
control volume dimensions in the x, y and z directions, respectively. In this research, V1/3 
is used as the filter width due to the anisotropic grids, where V is the volume of the control 
volume. Cd is a coefficient to be determined. 
2.5 Smagorinsky SGS model 
One of the most popular SGS models is one suggested by Smagorinsky (1963) . For this SGS 
model, the coefficient, Cd, is specified and held constant during the simulation. This method 
tested successfully for an isotropic turbulence with Cd = 0.2. But Cd is not usually constant 
and it may be a function of Reynolds number and/or some other parameters. According to 
Ferziger and Peric (1996), the Smagorinsky model may possess the following problems. 
1. For channel flow, the value of Cd should be reduced to 0.065. And the regions close to 
the surfaces, the value should be reduced further. A special treatment of flow near-wall eddy 
viscosity is required (e.g. van Driest damping function). 
2. Since the model constant is positive and constant, the energy scatter from small to large 
scales (backscatter of energy) can't be developed in the flow. 
2.6 Dynamic Models 
Dynamic modeling of the subgrid-scale stresses was introduced by Germano et al. (1991). 
Unlike the Smagorinsky model, the model coefficients, Cd, and C/, are computed dynamically 
in the dynamic model as the computation progresses. Before the dynamic model coefficients 
are introduced, a test filter should be given by 
f (x)  = f f (x ' )G(x ,x ' )dx '  
JD 
(2.28) 
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where G is the test filter. In this work, the test filter was two times larger than the filter 
function G. The dynamic model for this research was based on Wang's (1995) derivation. By 
use of Lilly's (1992) approach, the unknown parameters, C d ,  and C j  can be determined as 
(2
-
29> 
c  __ 
1  < pùkùk -  {pûkpûk/p)  > , 2  3 Q x  
'  A 2  < 2 ( M | S | = - p | S | 2 ) >  
where <> denotes spatial averaging along the streamwise and spanwise directions of the flow, 
|S| is the magnitude of strain rate tensor, A is the filter width (= (A^AyA^))1/3, and a is 
the strain grid ratio (=A/A). The superscripts(", ~,~) denote the nonlinear function of a Favre 
filtered quantity, large scale component of filtered quantity, and large scale component of Favre 
filtered quantity, respectively. Dij and P{j are defined as 
Di,  =  ^  -  \(T i t  -  ni)k j  (2.31) 
P à  
(2.32) 
The turbulent heat flux in the energy equation needs to be modeled following Wang (1995). 
d f  
Qtj  — ~P^H T ,  (2.33) 
where the SGS eddy heat diffusivity is 
vh = (2.34) 
and the turbulent Prandtl number (Pr t ) is 
p r * = - c r a B  ( 2 - 3 6 )  
Ek and Fk are defined as 
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Ek = tpùkpT - pùkT (2.36) 
(2.37) 
2.7 Integral-Vector Form of the Equations 
The nondimensional governing equations can be written in terms of the primitive variables 
(p, u, v, w and T) by using the ideal gas law. The equations are multiplied by the nondimen­
sional gas constant, R, for simplification. The governing equations in vector form are 
(2.38) 
The nondimensional governing equations can be written in conservative form as 
[  [T]^dn+ [  [Ei+ Fj  + Gk\dS = [  BdV (2.39) 
Ja o t  JdQ,  Ja  
where [T]  =  dU/dW is the time derivative Jacobian matrix. 
The primitive variables, W, and the conservative variables, U, are 
p/f 
pu/T 
W = v ; U = pv/T (2.40) 
pw/T 
- P / T [ c v f  + \ (v?  + v 2  + w 2 )]  
The flux vector may be thought of as being comprised of inviscid, viscous, and subgrid 
scale components, for example 
E = Ei - Ev + Es (2.41) 
The inviscid components of the flux vector are given by 
~P'  
Ù 
V ; u
w 
-T.  
Ei 
+ Bp 
pùv/T 
puw/T 
; Fi 
pùv/T 
pv 2 /T  + Rp 
pvw/T 
(pr/f)g 
; Gi 
pw/T 
pùw/T 
pvw/T 
pw 2 /T  + Rp 
(#/f)g 
(2.42) 
21 
The viscous components of the flux vector are given by 
0 
Ev = Gxy 
Ôxz  
-1LGxx "H VÔ X y  -j- W&xz Qx -
; fv = 
•xy  
' y y  
yz  
- \L&xy V&yy -{-  WOyz Qy -
Gv 
0 
®yz 
-ÙO X z  ~t~ VCTyz W&zz Qz -
The subgrid scale stress components of the flux vector are given by 
Es = 
- 0 - • 0 ' • o • 
7~XX T xy  Txz  
T X y  II T yy  ; Gs = Tyz  
7~xz  T yz  Tzz 
-  Qx - -  Q y  - - Q z  -
where the resolved total enthalpy is 
(2.43) 
(2.44) 
(2.45) 
A = +-(&: +0: + %;2) (2.46) 
The viscous stress tensor is given by 
(Jyy — 
G 7.7, 
>xy 
' y z  
2 f iR  dù dv  dw 
3 Re r  dx dy  dz  
2f j ,R dv  dù dw 
3 Re r  dy dx  dz  
2 i iR  9ù; dù dv  
3 Re r  dz  dx  dy  
i iR dù dv  
Re r  dy dx  
jxR ,dù  dw.  
Re r  dz  dx  
f iR .dv  dw.  
Re r  dz  dy  
(2.47) 
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The heat flux vectors are 
Qx 
Qy =  
Cp/j ,R dT 
Re r Pr dx  
Cpf iR dT 
Re r Pr dy  
* = M 
The subgrid-scale stress tensors are 
' d z  d y  
and the SGS heat flux vector components are 
c v fx t R dT 
1 2 2 f i t R dù dv  dw 
1 2  2 n t R dv dù dw 
=  F  R  ~  ~ r ' ~  f c  "  a 7 >  
1 2  2/ i t R dw dù dv  
= + S (2.49) 
Qx = 
Qy =  
Pr t  dx 
CyHtR dT 
Pr t  dy 
CyHtR dT 
CHAPTER 3 FINITE VOLUME FORMULATION AND ITS 
DISCRETIZATION 
A suitable approximating method must be chosen to represent the Navier-Stokes equations 
since the equations cannot be solved analytically. The most popular methods are finite differ­
ence, finite volume and finite element methods. No matter what type of discretization method 
is used, the final solution should be same if the grid is fine enough, but there are some advan­
tages and disadvantages of the various methods depending on the physical and computational 
domains. 
A coupled finite volume method was used to solve the filtered compressible Navier-Stokes 
equations based on Cartesian coordinates. This approach has been successfully tested on planar 
channel flow with Cartesian hexahedral control volumes (Dailey (1997)). The finite volume 
formulation used here is valid for general, non-Cartesian control volumes. 
3.1 Finite Volume Approach and Vector Form of the Equations 
The finite volume method can be used for discretization in a very flexible manner because 
the whole physical domain can be decomposed into an arbitrary number of subdomains as 
long as the subdomains fill the whole domain completely. Another advantage is that it directly 
applies the conservation laws to the physical system. Much of development of the present finite 
volume method follows that of Wang (1995) and Dailey et al. (2003). 
A demonstration of the finite volume method can be obtained by use of the general con­
servation equation in three dimensions. 
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The above equation can be integrated by 
+ t + M 
where is the volume of the cells. 
The control volume is defined as shown in Figs. 3.1 and 3.2 for the channel and annular 
pipe flow cases, respectively. And the primitive variables p, «,• and T are stored at the cell 
centers. The surface integral was approximated as, 
, k  
f  F  -dS =  ^ 2[{F x n x  + F y n y  + F z n z )S]p (3.3) 
Js 13= 1 
where F is the flux vector at a point on the surface, dS is the surface normal at that point, f3  
denotes the k surfaces of the control volumes, and (nx, ny, nz) are the Cartesian components 
of the unit outward normal to the surface. 
3.2 Gradient Calculations 
The gradients of u,  v ,  w,  and T were calculated to evaluate the viscous terms in the flux 
vectors. The calculations were based on an auxiliary control volume (see Figs. 3.3 and 3.4) 
obtained by shifting the main volume one-half index in the direction of the particular cell face. 
The volume of the auxiliary control volume is found by 
= g [%,;,&) + %+iJ,fc)] (3-4) 
Gradients were calculated using the Gauss divergence theorem, 
f V4>dn' = I 4>dS'  (3.5) 
JO,' J d Q '  
where 4> is a scalar, Q' is the volume of auxiliary control volume which is obtained by shifting 
the main control volume a half index in the direction of the surface, on which the gradients 
will be calculated. 
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Figure 3.1 Sketch of control volume for channel flow. 
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Figure 3.2 Sketch of control volume for annular pipe flow. 
26 
EAV face (i+l/2,j,k) 
Auxiliary control volume 
Figure 3.3 Auxiliary cell for channel flow. 
EAV face (i+l/2,j,k) 
Auxilary control volume 
Figure 3.4 Auxiliary cell for annular pipe flow. 
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3.3 Preconditioning Method and Time Discretization for Compressible N-S 
Equations 
Many compressible formulations become very inefficient and sometimes very inaccurate 
at low Mach numbers. This is due to an ill-conditioned algebraic problem. In other words, 
the ratio of the acoustic speed to the convective speed becomes very large, and this makes 
the computation expensive (Volpe 1991). To remedy this, a pseudo-time term was added 
into each equation that has same form as the physical time term, but was premultiplied by 
the dimensionless gas constant R in the first column of the pseudo time matrix as developed 
by Fletcher and Chen. (1993). By using this method, the ill-conditioned problem can be 
eliminated and the whole equation can be solved efficiently. Preconditioning formulation has 
been investigated by many researchers (Turkel, 1987; Feng and Merkle, 1990; Choi and Merkle, 
1990; Fletcher and Chen, 1993), and has proved to be effective over wide range of Mach 
numbers. 
The pseudo and physical time terms are treated differently when they are discretized. Since 
the pseudo time term vanishes at convergence, accuracy is not important, rather, only speed 
of convergence. The first-order backward scheme was used in the pseudo time term and the 
second-order three-level implicit scheme was used in the physical time term. 
dW j^n+l.m+l _ \yn+l ,m 
(3.6) dr  AT 
dW 2W n + 1 , m + 1  -  4W n , m + 1  + (3.7) dt  2A t  
where superscripts n and m denote physical and pseudo time, respectively. 
3.4 LU-SGS Scheme 
The preconditioned, time accurate Favre filtered governing equations were linearized about 
the pseudo time level m as 
+ [ r r i m ~ +  i n - 1  £  [ p ] » *  
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Figure 3.5 Sketch of grids in yz plane 
+[B]ny + [C]nz)S]^ m  AW = -R (3.8) 
where [F] is the preconditioning matrix, [A], [S] and [C\  are linearized inviscid flux vectors 
in the x, y and z directions respectively, and % is the preconditioned residual. The surface 
index is defined as shown in Fig. 3.5 and we define the surfaces in the streamwise direction as 
surfaces 1 and 3. 
The inviscid flux Jacobians on each face are defined as 
[Â] = ([A])^=i,3 
[B]  =  ([B]n l y  + [C]niJ/3=2,4 
[C] -  {[B]n 2 y  + [C]n 2 z )p=5,6 
(3.9) 
Substituting Eq. 3.9 into Eq. 3.8 and letting AT —> 00, we get 
[r] 1[t]- ^  + [r] 1 [[Â]iSi - [â]353 + [b]2S2 
AW R (3.10) 
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The flux Jacobians were modified (Chen and Shuen (1994)) to accommodate the precon­
ditioning matrix as 
[Â] = [r]-1[A], [B] = [rj-'ifl], [c] = [r]-'[c] (3.11) 
The flux Jacobians were split as 
where 
[A]  =  [Â]+ + [Ay 
[B] -  [B]+ + [È] '  
[C] = [C]+ + [C]" 
[A]± 
[B? 
[Ô] 
1 
2 
1 
2 
±= 1 
2 
\ ([4± I^Im) 
5([b]± 
([C]± 
X[S] 
[C] 
[/]) 
| W) 
(3.12) 
(3.13) 
A[^], A.& and A^ are the maximum eigenvalues of flux Jacobian [À], [B]  and [C] respec­
tively. For the preconditioned system, the maximum eigenvalues are 
^[Â] ~ 2R^R+ 
+ y/{R-  l ) 2 u 2 +4Rc 2  
•\b] = 2 R [ ^ +  1 ) l u n i y  +  w n i *  
+\J(R -  1 ) 2 (vni y  + wn l z ) 2  + 4Rc 2  
A [C]  =  ^  [ (B+  L) |W»2 #  + wn 2 z \  
+^J(R - 1 )2{vn2y + wn2z)2 + 4i?c2] 
(3.14) 
where R is gas constant, c is the speed of sound and u,  v  and w are Cartesian velocity 
components in the z, y and z directions, respectively. 
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The flux Jacobians on the control volume faces were approximated as 
([r][Â]+Atnu,tSi + ([r][Â]-AM,+u,^i 
([r][Â]AM03% = 
([r][Â]+Aif ),-i + ([r][Â]-AM, 
( [ r ] [B ]AW) 2 S 2  = 
([r][B]+AM,j,^,,;,t + ([r][â]-ATy),.j+i,t^j+i,t 
{ [T ] [É ]AW )aS4 = 
([r][â]+AM, + ([r][B]-AMw,t%j,t (3.15) 
([r][ê]AM5^ = 
([r][C]+AMi,;,^5 + ([r][ê|-ATy),j,t+i% 
([r][ê]A^)6% = 
([r][c]+AM,j,t_i% + ([r][C]-A^),^% 
Equations 3.11 and Eq. 3.15 can be substituted into Eq. 3.10 and the result can be written 
as 
where Si = S 2 ,  S 5  = Se and Si j t k  
{[L]  +  [D] +  [U})AW = - f t  (3.16) 
where the matrices [i],[-D] and [C7] are 
[L]  =  -[r]'1 [([r][Â]+)i_1J>s3 
+ ( [ r ] [ B ] + ) , - +  ( [ r ] [ c r ) ^ _ i , % ]  (3.17) 
[D] = pr'pnf^ + F]-1 [([r][Â]+)iijifc51 - ([r][A]-),,J|fcs3 
+([r][A]+),j,^,,;,t - ([r][B]-),,,-kg,-j,t 
+([r][C]+),j,^5 - ([r][C]-),j,t% (3.18) 
[U] =  [T] 1  [([T][Â] ) i+i , j ,kSi  
+([ r ][B]~) i , j+i ,kSi , j+i ,k  + ([r][C]-)ij>+iS5 (3.19) 
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Because of the splitting of the flux Jacobians, 
[r][A]+ - [rp]+ = 
[rp]+ - [T][B}+ = 
[r][C]+ - [r][C]+ = 
the matrix [D] can be reduced to 
V] 
\B] 
x[<5] (3.20) 
X [ B ]  Si, j ,k + [C] (3.21) l D ]  - *[7] + Si  + 
The product [r]_1[T] used here is a diagonal matrix, hence the matrix [D] is also diagonal, 
which makes the LU-SGS scheme very efficient compared to other implicit schemes. Equa­
tion 3.16 can be solved efficiently by approximately factoring as 
([L] + [D])[D]-i([D] + [U])AW = -R (3.22) 
3.5 Convergence Criterion 
For the unsteady simulations, the number of pseudo time iterations at each physical time 
step was limited. In this research, the number of pseudo time iterations at each physical time 
step was less than 25, and generally 4-6 psuedo time iterations were needed after the quasi-fully 
developed state was reached. The convergence criterion for pseudo time iterations is defined 
as 
y^n/c |«> | 
M _ L, i=\2^j=xL.k=i \  1 < T Q L  (3.23) 
TM X X MK 
where % is the second component of the preconditioned residual vector, %, corresponding to 
the x-direction of the momentum equation and TOL is a specified small value. The typical 
value of TOL in this work was TOL = 1.0 X 10~7. As the iteration in pseudo time converged, 
the linearized equation, Eq. 3.8, was satisfied and primitive variable values at the current 
physical time step were updated by the values at pseudo time. 
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Figure 3.7 Ghost cells for boundary conditions (annular pipe flow) 
3.6 Boundary Conditions 
The governing equations require specification of boundary conditions at the wall, inlet, 
and exit due to the elliptic nature of the equations. The "ghost" cells were used to enforce 
the boundary conditions. Two typical ghost cells are depicted in Figs 3.6 and 3.7. Nonslip 
wall conditions were imposed at the wall. Since fully developed turbulent flow was considered 
in this study, periodic and stepwise periodic boundary conditions were used at the inlet and 
outlet. 
3.6.1 Solid Wall Boundary Conditions 
The relationship between the variables in the ghost cell and the fluid cell were as follows, 
Pg — Pnb 
tig — ~tt"nb 
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VG — V-NB 
Wg —  IMnb 
Tg = T n b 
Tg = 2T w a i i  -  T n b 
(3.24) 
where T wau is a predefined wall temperature. T g  = T n b and T g  = 2T w a u -  T n b are for adiabatic 
and isothermal wall boundary conditions, respectively. Isoflux thermal boundary condition 
will be discussed later in this chapter. 
3.6.2 Periodic Boundary Conditions 
For isothermal flows, the relationship simply becomes 
PP(0) y)  — Pp{Lxi  y)  
w(0,y) = u(L x , y )  
v(Q,y)  =  v(L x , y )  
w(0,y)  = w(L x , y )  
T(0 ,y)  = T(L x , y )  
(3.25) 
For compressible flows 
Pp — Pp{L xi  y )  
pu(0 ,y)  = pu(L x ,  y )  
v (0 ,y)  = v(L x , y )  (3.26) 
w(0,y)  = w(L x , y )  
r (0 ,  y)  =  T(L X ,  y)  -  AT x  
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where p p  is the periodic component of the pressure, and L x  is the length of the channel in the 
streamwise direction. The nondimensional temperature difference, ATx, was calculated by 
rin is the nondimensional inner wall radius, L x  is the nondimensional length of the pipe in the 
streamwise direction, m is the nondimensional mass flow rate, and qWin is the dimensionless 
inner wall heat flux. 
The constant heat flux thermal boundary condition may be implemented by setting 
where the subscript, nw,  denotes the near wall value. But using Eq. 3.28 can generate 
unrealistic non-zero fluctuations near the solid wall. The alternative method, specifying a 
linear distribution of wall temperature, was used as proposed by Dailey, 1997. The parameters 
for the linear distribution can be determined by running several trials using Eq. 3.28. The 
adiabatic thermal boundary condition was used for the outer wall. 
_ { '^ ' ! r r in) < }w t n Lx (3.27) 
TO 
(3.28) 
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CHAPTER 4 LARGE EDDY SIMULATION OF VARIABLE 
PROPERTY TURBULENT FLOW IN A VERTICAL CHANNEL WITH 
BUOYANCY EFFECTS AND HEAT TRANSFER 
In this chapter, the results obtained for a vertical channel flow with buoyancy and heat 
transfer are presented. The walls were maintained at constant temperatures, one heated and 
the other cooled, at temperature ratios of 1.01, 1.99 and 3.00. Results showed that aiding 
and opposing flows emerge near the heated and cooled walls, respectively, while the pressure 
gradient drives the mean flow upwards. Buoyancy effects on the mean velocity, temperature, 
and turbulent intensities were observed near the walls. In the aiding flow, the turbulent 
intensities and heat transfer were suppressed and the flow was relaminarized at large values 
of Grashof number. In the opposing flow, however, turbulence was enhanced with increasing 
velocity fluctuations 1. 
The goal of the research described in this chapter was to perform a large eddy simulation 
of vertical turbulent channel flow with thermal stratification under conditions in which fluid 
properties vary significantly, and to investigate the effects of buoyancy on the mean and instan­
taneous structures. The present results will be compared with correlations of Nusselt number 
and skin-friction coefficient (Easby, 1978), the criterion for the occurrence of laminarization 
(Tanaka et al. 1986), and the DNS velocity and temperature data of Kasagi and Nishimura 
(1997). 
'This chapter is based on the conference paper published in the proceedings of the 31st ASME Fluid Dynamics 
Conference, June 11 - 14, 2001/Anaheim, CA 
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Figure 4.1 The configuration for vertical channel flow. 
4.1 Problem Description 
The geometry and coordinate system for vertical channel flow are shown in Fig. 4.1. The 
Prandtl number was assumed to be 0.71. All cases employed a 5IRS x2<5 x2tt<5 computational 
domain in the x (streamwise), y (normal), and z (spanwise) directions, respectively, where 8 is 
the channel half width. The buoyant force is shown to affect substantially the mean velocity, 
temperature, Nusselt number, friction factor as well as fluctuations. 
Simulations for three Grashof numbers were carried out in a range between 0 and 960,000 by 
changing the boundary temperature ratio to cover the regimes of forced and mixed convection. 
For comparison purposes, two different grid sizes, (32 x32 x24) and (48 x48 x48), were used 
throughout this study. 
Step periodic and periodic boundary conditions were used at the inflow and outflow bound-
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Table 4.1 Parameters for three Grashof number cases. 
CASE Gr (%/7C) Re r c  Re T H 
1 (No Buoyancy) 960,000 3.00 285.7 118.2 
2 0 1.01 168.3 137.3 
3 640,000 1.99 232.0 123.8 
4 960,000 3.00 304.8 100.7 
aries since fully developed channel flows were considered. At walls, no-slip velocity boundary 
conditions were specified using a three-point polynomial extrapolation. Wall temperatures 
were fixed at different constant values. The temperature ratios and other details are given in 
Table 4.1. 
Simulations were terminated after 25,000 time steps (dimensionless step size 0.01). The 
simulations were performed using Silicon Graphics Origin 2000 parallel computers (300 MHz 
CPU, MIPS R12000 processor chip) located at the Iowa State University Computational Center 
and at the University of Minnesota Supercomputing Institute. 
4.2 Results 
Cases 1 and 4 both employed a wall temperature ratio of 3.0 but the buoyancy term was 
omitted in the governing equations for case 1. The Grashof number is defined as 
G r = s l , (T n -T c ) (2Sf  
V 
where f3  represents the volumetric thermal expansion coefficient, S is the channel half-height, 
and two subscripts, H, C, denote the heated and cooled walls. ReT is the friction Reynolds 
number defined as 
= — (4.2) fb  
where u T  is the friction velocity. 
From the calculated results, shown in Figs. 4.2, and 4.3, variations of the Nusselt number 
and the friction coefficient with the Grashof number were observed, where the experimental 
38 
correlation for the opposing flow proposed by Easby(1978) is included for comparison. The 
Nusselt number and the friction coefficient are defined as 
# % =  I T  ( 4 . 3 )  
Kb 
= M) 2 TU 
where h is the heat transfer coefficient, kb is the bulk thermal conductivity, TW is the wall shear 
stress, pb is the bulk density, and Ub is the bulk streamwise velocity. 
The Nusselt number and the friction coefficient are normalized by NUQ,  and C/0, respec­
tively, the values obtained from Case 1 where buoyancy effects were absent. Note that the fine 
grid simulation of case 1 gives C/0 = 7.12 X 10~3 and NUQ = 11.8 for the opposing flow (cooled 
side), while C/0 = 6.80 xlO-3 and NUQ = 12.3 for the aiding flow (heated side). Evidently, 
the Nusselt number is decreased in the aiding flow, while increased in the opposing flow with 
increasing Gv/Re2. But the opposite trend is observed in the friction coefficient plot. The 
friction coefficient is increased and decreased in the aiding and opposing flows, respectively. 
This enhancement of Nusselt numbers and suppression of the friction coefficient can be at­
tributed to the effects of buoyancy. Unstable convection is promoted by the buoyancy force 
in the opposing flow. Near the heated wall (aiding flow) buoyancy forces tend to suppress the 
turbulent heat transfer, and eventually laminarize the convection. Easby measured the Nusselt 
number and friction coefficient for opposing flow and found the correlations; f / f0 — 1.006 -
5.13xGr/Re2 and NU/NUQ = 1.009 + 8.91xGr/Re2. Figures 4.2, and 4.3 show that the 
empirical correlations overpredict the buoyancy effects but provide the correct trends. 
The mean velocity profiles normalized with the average friction velocity for the two walls 
are shown in Fig. 4.4. Kasagi and Nishimura (1997) simulated vertical channel flow with 
high buoyancy (Gr = 1.6xl06) using a passive scalar formulation. The coarse grid results 
(32x32x24) seem to overpredict the velocity possibly due to the large grid size in the central 
region of the channel. 
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Figure 4.2 Nusselt number plot. 
Figure 4.5 shows the effect of Grashof number on the mean velocity profile. Note that the 
surface at y = -1.0 (opposing flow) is cooled while the surface at y = 1.0 (aiding flow)is heated. 
The gradient of the mean velocity in the aiding flow is steeper than in the opposing flow, 
and so the profiles become more asymmetric as the Grashof number is increased. According 
to Nakajima et al., (1979), similar profiles were found in annular and duct flows for walls of 
different roughness. 
Figure 4.6 shows the distribution of mass flux across the channel for the same flow and 
thermal conditions. The slope of the mass flux of case 1 can be seen to be steeper near the 
cold wall due to the larger density, but as the Grashof number increases, the profile shifts to 
become nearly symmetric. 
The rms velocity fluctuations in the streamwise, normal and spanwise directions are shown 
in Fig. 6.9. The buoyant force tends to reduce and enhance the turbulent intensities in the aid-
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Figure 4.3 Friction coefficient number plot. 
ing flow, and opposing flow, respectively. Carr et al., (1973) measured the turbulent intensities 
in the up-fiow of air in a vertical pipe which is considered to be an aiding flow, and showed 
similar results. The distribution of the Reynolds shear stress is shown in Fig. 4.8, where a 
large buoyancy influence is observed. The reduction of the shear stress near the aiding flow 
results in the decrease in the production of turbulent kinetic energy and the eventual laminar-
ization (Hall et al., (1969), and Tanaka et al., (1973)). The comparison with laminarization 
by acceleration will be discussed later. 
The turbulent kinetic energy profiles shown in Figs. 4.9, and 4.10 indicate some of the 
same trends as the velocity rms profiles. Normalization of the turbulent kinetic energy by 
streamwise velocity squared will give the direct measure of the magnitude of the turbulent 
kinetic energy variation across the channel. 
Figure 4.11 shows the mean temperature profiles in global coordinates. The DNS results of 
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Figure 4.4 Mean velocity plot normalized by friction velocity. 
Kasagi and Nishimura (1997) for high buoyancy (Gr = 1.6x10e) are included for comparison. 
Distributions of the temperature rms fluctuations scaled by the mean friction temperature 
are shown in Fig. 4.12. Unlike the velocity fluctuations, the temperature fluctuations are 
increased in the aiding flow and decreased in the opposing flow. This is because the temperature 
gradient becomes steeper (see Fig. 4.11) and makes the production rate of T'2 larger in the 
aiding flow (Nakajima et al., (1979)). 
Laminarization. 
Transition from turbulent to laminar flow can be observed when the free stream is acceler­
ated severely (Tanaka et al., (1982)). This rapid decrease in shear stress results in the decrease 
in the production of turbulent kinetic energy (Hall et al., (1969), Tanaka et al., (1973)). The 
criterion of the occurrence for laminarization proposed by Tanaka et al., (1982) and Tanaka et 
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Figure 4.5 Mean velocity plot normalized by bulk velocity. 
al., (1986) for combined forced and natural convection can be expressed as 
Gru/R^H > 3 xlO-6 (4.5) 
where the subscript H, again, denotes the heated wall. Table 4.2 lists the laminarization 
criterion on different cases. Case 1 is omitted because buoyancy was neglected in that flow. 
As can be seen, cases 3 and 4 meet the criterion mainly due to large local Grashof number 
and small local Reynolds number in the aiding flow. 
The instantaneous streamwise velocity contour plot is shown in Fig. 4.14. The larger 
structures are observed near the heated wall in both cases. As shown in Table 5.1, the local 
Rer of case 4 is larger than that of case 1 in the opposing flow, and this makes the size of 
structures different near the cooled wall. It is observed that the size of the structures near the 
cooled wall of case 1 is larger than that of case 4. 
Case 1 (No Buoyancy) 
- - - -  Case 3(Gr =  6.4E+05)  (F ine Gr id)  
#- -# Case 4(Gr = 9.6E+05) (Coarse Grid) 
0--© Case 3(Gr = 6.4E+05) (Coarse Grid) 
—Case 4(9.6E+05) (Fine Grid) 
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Figure 4.6 Mass flow rate plot. 
Figure 4.15 shows the instantaneous velocity contour plots with and without buoyancy 
effects. Strong buoyancy is seen to magnify vortical structures. 
Figures 4.16, 4.17, and 4.18 show the streamwise velocity, density, and viscosity fluctuations 
for cases 3 and 4 along the streamwise direction. It is clearly observed that the high buoyancy 
enhances the fluctuations. Note that density and viscosity fluctuations are closely related to 
the temperature fluctuations. 
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Figure 4.7 rms plot. 
Table 4.2 Parameters for laminarization criterion. 
CASE Grh/Reh3 
2 4.78 XLO-8 
3 8.79X10-^ 
4 9.07X10-^ 
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Figure 4.8 Reynolds shear stress plot. 
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Figure 4.9 Turbulent kinetic energy scaled by bulk velocity squared. 
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Figure 4.10 Turbulent kinetic energy scaled by local velocity squared. 
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Figure 4.11 Mean temperature distribution in global coordinates. 
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Figure 4.12 Temperature fluctuation profiles in global coordinates. 
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Figure 4.13 Turbulent heat flux profiles in global coordinates. 
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Figure 4.14 Instantaneous streamwise velocity contours without and with 
buoyancy effects. 
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Figure 4.15 Instantaneous velocity vectors without and with buoyancy ef­
fects. 
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Figure 4.16 Streamwise velocity fluctuations with low and high buoyancy 
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Figure 4.17 Density fluctuations with low and high buoyancy effects. 
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Figure 4.18 Viscosity fluctuations with low and high buoyancy effects. 
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CHAPTER 5 LARGE EDDY SIMULATION OF THE EFFECTS OF 
ROTATION ON HEAT TRANSFER IN A RIBBED CHANNEL 
In this chapter, results of large eddy simulation of rotating ribbed channel flow with heat 
transfer are presented. The rotation axis was parallel to the span wise direction of the parallel 
plate channel. Uniform heat flux was applied to both walls of the channel for two rates of 
rotation. The ribs were directly opposed and aligned normal to the main flow direction. The 
ratio of rib spacing to rib height was 10 and rib height to channel height was 0.1. Periodic 
and step periodic (Dailey and Fletcher, (1998)) boundary conditions were used at the inflow 
and outflow boundaries since fully developed channel flows are considered. This assumption 
allowed the computed domain to be limited to the region between two adjacent ribs so that a 
reasonable computational grid can be used x. 
The results showed that the rotation consistently altered the turbulent structures near 
the walls. Near the stable (leading) side, the turbulent intensities and heat transfer were 
suppressed, but turbulence was enhanced with increasing shear stress and turbulent kinetic 
energy near the unstable (trailing) side. 
5.1 Problem Description 
Turbulent rotating flows are of considerable interest in a variety of industrial, geophysical 
and astrophysical applications. Examples are natural flows like ocean currents, estuaries and 
atmospheric boundary layers, and engineering flows in rotating devices such as turbines, pumps, 
compressors and cyclone separators. It is well known that system rotation affects both the mean 
motion and the turbulence statistics. The flows over two and/or three-dimensional obstacles 
'This chapter is based on the conference paper published in the proceedings of the 12th International Heat 
Transfer Conference, 2002/Grenoble, France 
55 
A Near Wall(Stable Side) 
C 
P 
h H y 
h 
N\ 
B 
X 
Near Wall(Unstable Side) 
Figure 5.1 Schematic of the computational domain for the ribbed channel. 
of different shapes and sizes with and without rotation have been also studied extensively by 
numerous investigators due to their importance to engineering applications. Among these are 
flows in turbines, pumps, diffusers, and electronic components. In many of these applications, 
enhanced surfaces and rotation significantly alter the structure of the turbulence. 
The geometry and coordinate system for the ribbed channel case are depicted in Fig. 5.1. 
The problem of interest is the turbulent flow and heat transfer in a two-dimensional plane 
channel with a periodic array of transverse square ribs on both walls with h/H — 0.2 and P/h 
= 10. After a discussion with Dr. Han from Texas A k, M University during 31st ASME Fluid 
Dynamics Conference in Anaheim, CA, this pitch-to-height ratio was selected since it is known 
to give rise to the greatest enhancement of heat transfer rates experimentally. Calculations 
were performed for three different cases with a (72 x62 x72) grid size: no rotation, medium 
rotation, and high rotation. Uniform heat flux was applied to the channel to investigate the 
property variations with temperature. Low Mach number preconditioning was used to enable 
the compressible code to work efficiently at low Mach numbers. At the walls, no-slip velocity 
boundary conditions were specified. 
The rotation number and dimensionless wall heat flux are defined as 
(5.1) 
56 
Table 5.1 Parameters for three rotational cases. 
CASE Rob Qw 
I 0.0 (No Rotation) 2x10" '3 
II 1.5 (Medium Rotation) 2x10-"3 
III 3.0 (High Rotation) 2x10" "3 
Qw — ^ jj rp (5-2) 
^pPref  v r e f  ± r e /  
where ÇI is angular velocity. The Reynolds number Re = U28/v (based on the channel width, 
25, and initial mean velocity, U), was 5600. 
5.2 Results 
The mean streamwise velocity profile, normalized by the bulk velocity at the plane of the 
rib, is shown in Fig. 5.2 at plane A. Plane A was located mid-way between the ribs. A strong 
influence of the Coriolis force on the velocity gradient can be noted near the walls (Y = 0.0, 
and 2.0) and the profile becomes asymmetric across the channel. 
Figures 5.3, 5.4, and 5.5 show the corresponding rms distributions for turbulent intensities 
in x, y, and z directions, respectively, at section A. The Coriolis force tends to reduce and 
enhance the turbulent intensities near the stable side, and unstable side, respectively. Pallares 
and Davidson (2000) and Piomelli (1995) simulated turbulent flow in a rotating square duct 
and channel using LES and DNS, respectively. And they showed similar Coriolis effects on 
turbulent intensities. 
Figure 5.6 shows a similar trend in turbulent shear stress. Compared with the non-
rotational case, the Coriolis force increases (decreases) the magnitude of the turbulent shear 
stress quite significantly on the unstable (stable) side, which means convection is enhanced 
near the unstable side while it is suppressed near the stable side. This effect is shown on the 
temperature profile in cross section A (Fig. 5.7). Due to the enhanced convection, the wall 
temperature at the unstable side is lower which results in a higher heat transfer coefficient. 
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Figure 5.2 Streamwise (U) velocity profile at section A. 
The stable side exhibits a higher wall temperature and a lower heat transfer coefficient. The 
temperature profile is also skewed to the unstable side. 
The friction coefficient ( C f )  and the Nusselt number ( N u )  along the wall at sections B and 
C are shown in Fig. 5.8. Since the profile is symmetric, only one distribution is shown for Case 
I. The friction coefficient is defined as 
Q = (5.3) 
where pb and Ub are the bulk density and velocity, respectively. The reattachment length 
varied with different rotation numbers. Increasing rotation led to a decrease (or increase) 
in the reattachment length on the unstable (stable) side because the Coriolis force increases 
(decreases) turbulent mixing near the unstable (stable) side. The enhanced mixing on the 
unstable side resulted in higher levels of Nusselt number as can be also seen in Fig. 5.8. The 
definition of Nusselt number is as follows, 
where h is the heat transfer coefficient, && the bulk thermal conductivity. Overall, the Nusselt 
number increases rapidly and reaches a local maximum near the upstream corner of the rib 
where high levels of turbulent intensities are observed. Then, the Nusselt number decreases 
near the top of the rib. The Nusselt number keeps decreasing along the rear face of the rib 
due to the recirculation and increases to the second local maximum near reattachment. One 
of the most important features of this plot is the decrease (or increase) in heat transfer near 
the stable (or unstable) wall side. The heat transfer on the top of rib increases about 35 
percents compared to the stationary (non-rotating) case near the unstable side, but decreases 
about 20 percents near the stable side. Similar order of magnitude differences compared to the 
stationary case are noticed in the downstream region. The flow pattern of streamlines for Case 
I (no rotation) and Case III (high rotation) are shown in Fig. 5.10. The separation bubbles 
on the front and rear faces of the ribs are clearly visible. Due to the large increasing pressure 
gradient on the top of the ribs, a small separation is induced (see Fig. 5.8). Behind the ribs, a 
rapid rise of the static pressure causes a larger separation region. For Case I, the reattachment 
length of the separation region is about 5h (5 X rib height) for both walls, but it is about 3h 
near the unstable side and 5.5h near the stable side for Case III. 
Figure 5.9 shows the turbulent kinetic energy contour plot for Cases I and III along the 
stream wise direction. It indicates that the high rotation enhances the kinetic energy. A dense 
region of contour lines is observed near the upstream corner of the rib where the local maximum 
of Nusselt number was found in Fig 5.8. The instantaneous U velocity of the Case III contour 
is shown in Fig. 5.11. Two cutting planes, at y = 1.955 and y = 0.056, were selected to show 
the effect of Coriolis force near the wall. Near the unstable side, turbulent streaky structures 
are observed to be small but large-scale structures are mostly absent upstream of the rib near 
the stable side. Some small-scale structures are shown downstream of the rib near the stable 
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Figure 5.6 Resolved shear stress profile at section A. 
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Figure 5.9 Turbulent kinetic energy contour plot for Cases I and III. 
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Figure 5.10 Streamlines for Cases I and III. 
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Figure 5.11 Instantaneous U velocity contour plot for Case III. 
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CHAPTER 6 LARGE EDDY SIMULATION OF HEATED VERTICAL 
ANNULAR PIPE FLOW IN FULLY DEVELOPED TURBULENT 
MIXED CONVECTION 
The goal of this phase of the study was to perform a large eddy simulation of vertical 
turbulent annular pipe flow under conditions in which fluid properties vary significantly, and 
to investigate the effects of buoyancy on the turbulent structures and transport. Isoflux wall 
boundary conditions with low and high heating were imposed on the inner wall and adiabatic 
conditions were applied to the outer wall. The compressible filtered Navier-Stokes equations 
were solved using a second order accurate finite volume method. Low Mach number precon­
ditioning was used to enable the compressible code to work efficiently at low Mach numbers. 
A dynamic subgrid-scale stress model accounted for the subgrid-scale turbulence. Compar­
isons were made with available experimental data. The results showed that the strong heating 
and buoyant force caused distortions of the flow structures resulting in reduction of turbulent 
intensities, shear stress, and turbulent heat flux, particularly near the heated wall 1. 
6.1 Problem Description 
The geometry and coordinate system for vertical annular pipe flow are shown in Fig. 6.1. 
The Prandtl number was assumed to be 0.71. All cases employed a 4.5r2 x2r% x2nr2 compu­
tational domain in the x (streamwise), y (radial), and z (tangential) directions, respectively, 
where is the pipe outer radius. The buoyant force is shown to effect substantially the mean 
velocity, temperature, Nusselt number as well as turbulent intensities. 
'This chapter is based on the Journal paper published in the International Journal of Heat and Mass Transfer 
Vol. 47, Jan. 2004, PP. 437-446 
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Figure 6.1 The configuration of vertical annular pipe flow. 
6.2 Results 
Simulations were conducted for air flowing upwards in a vertical annular pipe. Simulations 
concentrated on the occurrence of laminarization and property variations for high heat flux 
heat transfer as follows: 
(1) turbulent flow with small property variations 
(2) intermediate property variations 
(3) large property variations with laminarization. 
To obtain the above conditions, inlet Reynolds numbers of 6200, 7100, 8000, and 9700 and 
nondimensional inner wall heating rates, qWin, 0.75x 10-3, 2x 10~3, and 5x 10-3 were used. 
Detailed conditions are tabulated in Table 6.1. Cases 6 and 8 both employed a dimensionless 
wall heat flux of 2xl0~3 but the buoyancy term was omitted in the governing equations. Grids 
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Table 6.1 Parameters for cases. 
CASE Qw Gr Rein ri/r2 
1 (Aiding) 0.2X10-3 23031 0.97444 6200 0.5 
2 (Aiding) 0.2x10-^ 35382 0.97388 7100 0.5 
3 (Aiding) 0.2x10-3 98320 0.97160 9700 0.5 
3-1 (Aiding) 0.2X10-3 98320 0.97160 9700 0.5 
4 (Aiding) 5x10-3 1938787 0.40638 7100 0.3 
5 (Aiding) 5x10-3 5540896 0.37879 9700 0.3 
6 (No Buoy) to X t—I o
 i CO 875286 0.68276 8000 0.3 
7 (Aiding) 2x10-3 1100273 0.63147 8000 0.3 
8 (No Buoy) 2x10-3 1094753 0.63189 8000 0.5 
9 (Aiding) 2x10-3 1234223 0.60365 8000 0.5 
of 48 x48x80 and 96 x96 xlOO (for Case 3-1) points were used throughout this study. 
The Grashof number is defined as 
& = (6.i) 
where (5 represents volumetric thermal expansion coefficient, and TWIN and T& denote the inner 
wall and bulk temperatures. 
The Nusselt numbers are plotted against Reynolds number as shown in Fig. 6.2, where 
the experimental correlation of turbulent heat transfer proposed by Dalle Donne and Merwald 
(1973) 
= 0.018(^)°-iGRe&°-*Pr°-4 (6.2) 
din 
is included. 
The temperature correction term for the effects of variable properties was not included 
since it was nearly unity for these cases. Torii et al. (1988) found that the above correlation 
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may only satisfy the low heat flux case and the following equation proposed by Fujii et al. 
(1980) should be implemented. 
4 (6.3) 
The Nusselt number is defined as 
Nu„ = (6.4) 
where h is the heat transfer coefficient, is the bulk thermal conductivity, ri and r% are the 
inner and outer wall radii, respectively. 
For Cases 1, 2, and 3 (low heating cases), the deviation from Eq. 6.2 is seen to be minor, 
whilst a reasonable match is achieved with Eq. 6.3 for Cases 4 and 5 (high heating cases). The 
reduction of the Nusselt number is believed to be due to strong heating near the inner wall 
which leads to an increase in viscosity. 
Figure 6.3 shows streamwise mean velocity profiles for the low heating cases. The radial 
distance is rescaled so it ranges from 0 to 2 as shown in Fig. 6.3. Chung et al. (2001) 
conducted numerical simulations using DNS for annular pipe flow with radius ratio 0.5 and 
the data are included for comparison. Chung et al. (2001) used Re = 8900 based on the 
hydraulic diameter. As Re increases, the profiles become flatter at the center. The current 
study yields good agreement with the reference data. 
The rms profiles (Urms and Vrms)  in the streamwise and normal directions for the low 
heating case (Case 3) are presented in Fig. 6.4 along with the Chung et al. (2001) profiles. 
Unlike the Urms plot, a significant difference is noticed in the Vrms profile near the outer wall. 
It seems that the differing surface areas of the inner and outer walls promote the asymmetric 
Vrms profile (the reduction of the Vrms values near the outer wall), but the reason for the 
differences between the present results and those by Chung et al. (2001) are not known. 
The flatness factor, which is a fourth order moment, is also compared in Fig. 6.5. The 
flatness factor is given by 
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Figure 6.2 Comparison of computed Nusselt number with two correlations. 
< V4 > f(%) = (6 5) 
U • i , rms  
The flatness factor represents the departure of the variable from its rms value and slight 
discrepancies  are  observed for  the s t reamwise f la tness  factor ,  F(U).  
The effect of buoyancy on the velocity distribution can be seen in Figs. 6.6 and 6.7 for 
the different radius ratios. The effect of buoyancy is most evident closer to the heated wall 
(inner wall) and the maximum velocity moves toward the heated wall. For the small radius 
ratio case (rl/r2 = 0.3) , the maximum velocity occurs at r = 0.6387 and 0.5934 in the no 
buoyancy and aiding flow cases (Cases 6 and 7), respectively. For the radius ratio 0.5 case, the 
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Figure 6.3 Mean streamwise velocity for low heating case. 
maximum occurs at r  = 0.7581 and 0.7257 in the no buoyancy and aiding flow cases (Cases 8 
and 9), respectively. The location of the maximum velocity will be discussed when the shear 
stress and turbulent heat flux (u'T1) profiles are presented later in this chapter. 
The distribution of the Reynolds shear stress is shown in Fig. 6.8 for Cases 6 and 7, where 
a large buoyancy influence is observed. Hall et al. (1969) found that a reduction of the shear 
stress in the aiding flow results in the decrease in the production of the turbulent kinetic energy 
and eventual laminarization. 
The locations for zero shear stress and the maximum velocity depend on the radius ratio 
and level of buoyancy as shown in Table 6.2. The point where the shear stress vanishes has been 
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Figure 6.4 Turbulent intensities for low heating case in streamwise and 
radial directions. 
generally assumed to be coincident with the location of the maximum velocity (Hall (1969)), 
but those two points are not the same in the case of turbulent flow in annuli (Satake and 
Kawamura (1995)). As shown in Table 6.2, the position of zero crossing shear stress, rs/,ear, 
is closer to the inner wall (heated wall) than the location of the maximum velocity, rve\ocity, 
in the aiding flow, but the locations of maximum mean velocity for cases without buoyancy 
(Cases 6 and 8) are closer to the inner wall. The buoyancy force near the heated wall reduces 
the distance of the zero crossing shear stress more effectively than that of maximum velocity. 
Figure 6.9 compares the radial distributions of turbulent intensities. Closer to the heated 
wall, the profiles tend to decrease showing the effects of aiding flow for both radius cases. 
However, close to the outer wall (adiabatic wall), the profiles tend to merge. 
Figure 6.10 shows the profiles of the turbulent kinetic energy (TKE) for different levels of 
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Figure 6.5 Flatness factors for low heating case in streamwise, radial, and 
circumferential directions. 
buoyancy. The TKE was normalized by the square of the average friction velocity (uTavg) for 
inner and outer walls. It is evident that the TKE is reduced in the vicinity of the inner wall 
(heated wall) in the aiding flow case. 
The turbulent heat fluxes of u'T' and v'T' are plotted in Figs. 6.11, 6.12, 6.13, and 6.14. In 
this study, v' represents the velocity fluctuations in the radial direction. For the small radius 
cases (Cases 6 and 7), the buoyancy effects don't cause the profile to deviate much from the 
no buoyancy case, but the heating with buoyancy for the large radius ratio cases (Cases 8 and 
9) has enhanced the magnitudes of both plots sharply. Another noticeable characteristic is the 
zero crossing location of u'T' as mentioned before. The zero u'T' occurs at r = 0.6575 and r 
= 0.5801 without and with buoyancy for the small radius ratio (Cases 6 and 7), respectively. 
Similarly, it occurs at r = 0.7654 and r = 0.7034 for the large radius ratio (Cases 8 and 9). 
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Table 6.2 Locations of zero shear stress and maximum mean velocity. 
V  s h e a r  T v e l o c i t y  
6 0.64154871 0.6386129 
7 0.5736087 0.5934346 
8 0.76720128 0.7581337 
9 0.71100523 0.7256522 
Again, the buoyancy effect is shown to move the location of zero turbulent heat flux closer to 
the heated wall side (inner wall). 
For strongly heated flow, the occurrence of laminarization may be possible. The criteria of 
flow laminarization can be estimated by use of an equivalent bulk flow acceleration (Torii et 
al. (1991)) and McEligot et al. (1970)). The bulk flow acceleration parameter, K, is defined 
as 
K = + (6.6) 
i n  &  d o u i  +  " m  
and Coon et al. (1970) proposed the condition of transition as K > 1.5xl0-6. Fig 6.15 shows 
the correlation for transition. It suggests that the transitional state may exist for Cases 4, 5, 
and 7 due to high heating but the flow may remain turbulent for Cases 1, 2 and 3. According 
to Torii et al. (1991), the laminarization from the heated wall is suppressed by the turbulent 
production near the insulated wall and it is quite unusual to have laminarized flow in an 
annular pipe heated only on one side. 
The instantaneous temperature contour plot is shown in Fig. 6.16. A higher temperature 
is observed near the inner wall for Case 7 indicating that the convection of fluid is less efficient 
compared to Case 6. The aiding flow tends to reduce the turbulence intensities and turbulent 
heat fluxes as discussed earlier. 
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Figure 6.8 Shear stress plot for radius ratio = 0.3. 
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Figure 6.12 Streamwise turbulent heat flux plot for radius ratio = 0.5. 
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CHAPTER 7 EFFECTS OF WALL ROTATION ON HEAT TRANSFER 
TO ANNULAR TURBULENT FLOW: OUTER WALL ROTATING 
7.1 Problem Description 
In this chapter, the simulation results for turbulent flow in an annular pipe with and without 
the outer wall rotating about its axis at moderate Reynolds numbers are presented. The 
compressible filtered Navier-Stokes equations were solved using a second order accurate finite 
volume method. Low Mach number preconditioning was used to enable the compressible code 
to work efficiently at low Mach numbers. A dynamic subgrid-scale stress model accounted for 
the subgrid-scale turbulence. When the outer wall rotated, a significant reduction of turbulent 
kinetic energy was realized near the rotating wall and the intensity of bursting appeared to 
decrease. This modification of the turbulent structures was related to the vortical structural 
changes near the rotating wall. It has been observed that the wall vortices were pushed in the 
direction of rotation and their intensity increased near the non-rotating wall. The consequent 
effect was to enhance the turbulent kinetic energy and increase the Nusselt number there 1 . 
The computational domain for the annular flow is shown in Fig. 7.1. A 4.5r2 X2r% x27rr2 
computational domain in the x (streamwise), r (radial), and z (tangential) directions was 
employed where r2 is the outer radius of the annulus. The Prandtl number was assumed to be 
0.71. 
The rotation ratios, N, of a outer wall velocity to the bulk velocity were 0, 0.7, and 1.3. 
The isoflux wall boundary condition (qwaiiin) and the adiabatic wall condition were used for 
the inner and outer walls, respectively. 
'This chapter is based on the conference paper published in the proceedings of the ASME IMECE Conference, 
Nov. 16 - 21, 2003/Washington D C. 
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Figure 7.1 The configuration for vertical annular pipe flow. 
7.2 Results 
Simulations were conducted for air flowing upwards in a vertical annular pipe with a ro­
tating outer wall. Simulations concentrated on the occurrence of laminarization and property 
variations for high heat flux heat transfer as follows: 
(1) turbulent flow with no (or small) property variations with and without outer wall 
rotation. 
(2) large property variations with and without the outer wall rotation. 
To obtain the above conditions, inlet Reynolds numbers of 6200, 7100, 8000, and 9700 based 
on the hydraulic diameter (= 2(r2 — ri)) as 
Rein = "W(2(r' ~ ri)) (7.1) 
Mb 
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were used. The parameters r% and r\ represent the outer and inner radii. And nondimensional 
inner wall heating rates, qw. ( =-—rt w%—-jr), of 0, 0.20X 10-3, and 2x 10-3 were used. u 171 v Pref vref1 refcp ' 
Detailed conditions are tabulated in Table 7.1. Note that the non-rotating wall cases that 
were discussed in Ch.6 have been included in the table for comparison purposes. 48 x48 x80 
and 96 x96 xlOO (for Case 3-1) grid sizes were used throughout this study. 
The rotation rate and the Grashof number are defined as 
TV = (7.2) 
where ww a u  is the tangential velocity of the pipe outer wall. 
Gr = 9/8(r»i. ~ TM2(r' ~ r'»3 (7.3) 
V2 
where (3 represents volumetric thermal expansion coefficient, and TWm and T& denote the inner 
wall and bulk temperatures. Note that the buoyancy force parameter (=Gr/i?e,„2) is signifi­
cantly less than one so that buoyancy effects played a minor role relative to rotational effects 
in this study. 
The Nusselt numbers for cases without rotation are plotted against Reynolds number in 
Fig. 7.2, where the experimental correlation of turbulent heat transfer proposed by Dalle Donne 
and Merwald (1973), 
= 0.018(^)°-iG#e,°-Bpr°-4 (7.4) 
DIN 
is included. 
The temperature correction term for the effects of variable properties was not included due 
to its small variation. 
The Nusselt number is defined as 
Nu„ = (7.5) 
KB 
where h is the heat transfer coefficient, is the bulk thermal conductivity, rj and r% are the 
inner and outer wall radii, respectively. 
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Table 7.1 Parameters for cases. 
CASE N Q w  Gr Rein ri/r2  
1 0 0.2x10-3 23031 6.0x10-^ 6200 0.5 
2 0 0.2x10-3 35382 7.0xl0-4 7100 0.5 
3 0 0.2x10-3 98320 1.0x10-3 9700 0.5 
3-1 (Fine Grid) 0 0.2x10-3 98320 1.0x10-3 9700 0.5 
4 0 0.0 0 0 8000 0.3 
4-1 0 0.0 0 0 12000 0.3 
5 0.7 0.0 0 0 8000 0.3 
6 1.3 0.0 0 0 8000 0.3 
7 0.0 0.0 0 0 8000 0.6 
7-1 1.3 0.0 0 0 8000 0.6 
8 0 2x10-3 1119962 1.7xl0-2 8000 0.3 
9 0.7 2x10-3 962416 1.5xl0-2 8000 0.3 
10 1.3 2x10-3 849438 1.3x10-2 8000 0.3 
For Cases 1, 2, and 3 (low heating cases), the deviation from Eq. 42 is seen to be minor 
(about 10% difference). 
Figure 7.3 shows streamwise mean velocity profiles for the low heating cases. The radial 
distance is rescaled and it ranges from 0 to 2 as shown in Fig. 7.3. Chung et al. (2001) 
conducted numerical simulations using DNS for annular pipe flow with a radius ratio of 0.5 
and the data are included for comparison. Chung et al. (2001) used Re — 8900 based on the 
hydraulic diameter. A fine grid case (Case 3-1) is also included to check the grid independence. 
As Re increases, the profiles become flatter at the center. The current study yields good 
agreement with the reference data and the disagreement between the results of coarse and fine 
grids is fairly small. 
The rms profiles (Urms and Vrms) in the streamwise and radial directions for the low 
heating case (Case 3) are presented in Fig. 7.4 along with the Chung et al. (2001) profiles. 
Unlike the Urms plot, a significant difference is noticed in the Vrms profile near the outer wall. 
It seems that the differing surface areas of the inner and outer walls promote the asymmetric 
Vrms profile (the reduction of the Vrms values near the outer wall), but the reason for the 
differences between the present results and those by Chung et al. (2001) is not known. 
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Figure 7.2 Variation of Nusselt number along with correlation data. 
The validity of the code for the non-rotating annular pipe flow cases is well confirmed by 
the above plots. The effects of the rotation rate, N, on the axial velocity distribution for 
fully developed flow conditions are shown in Fig. 7.5. With increasing rotation rate the axial 
velocity profiles gradually approach a laminar-like profile near the rotating wall (r=1.0), but 
the velocity profiles are maintained as turbulent near the non-rotating wall (r=0.3). According 
to experimental pipe flow results (Kikuyama et al. (1983)), pipe wall rotation deforms the fully 
developed turbulent profile of the axial velocity into a laminar - like velocity profile. 
The influence of the rotation on the second-order turbulence statistics was investigated by 
plotting the velocity rms and the turbulent kinetic energy profiles as shown in Figs. 7.6 for 
Cases 4, 5, and 6. The TKE was normalized by the square of the average friction velocity 
(uTavg) for the inner and outer walls. Close to the rotating wall, the profiles tend to decrease 
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Figure 7.3 Mean streamwise velocity for low heating case. 
showing the centrifugal flow effects. However, close to the stationary (inner) wall, the intensity 
increases. 
7.2.0.1 The wall friction 
The swirl near the rotating wall suppresses the turbulent momentum transfer and decreases 
the wall friction (Hirai et al. (1986)). In the next two sections, the friction coefficient and 
the Nusselt number are studied for different rotation rates. First, the friction coefficient, C/, 
for the inner and outer walls is plotted against Re for various values of the rotation rate in 
Fig 7.7. The friction coefficient for a stationary wall predicted by the Blasius resistance formula, 
C/=0.0791-Re-0'25, is also plotted for comparison. The figure shows that the friction coefficient 
for the outer wall decreases with increasing rotation rate whereas the friction coefficient for 
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Figure 7.4 Turbulent intensities for low heating case in streamwise and 
radial directions. 
the inner wall remains almost constant. This phenomena for the outer wall is caused by the 
suppression of the turbulent momentum exchange pu'v' due to the rotation. According to Hirai 
et al. (1986), this reduction of u'v' is caused by the production terms, P\ (=-v'2dU/dr), and P2 
(=u'w'wwaii/r). Particularly, in the case with swirl, P2 becomes a negative production term, 
which reduces the magnitude of u'v'. These production distributions are shown in Fig. 7.8. 
P2 is nearly zero in the non-rotation case (Case 4), but in the presence of the rotation, P2 
becomes negative. 
7.2.0.2 The heat transfer 
The calculated results for Nu are shown in Table 7.2. It shows that the Nu tends to increase 
with an increase of the rotation rate. This tendency is due to the fact that the turbulence 
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Figure 7.5 Streamwise velocity profiles for cases 4, 5, and 6. 
is slightly enhanced near the inner wall as shown in Fig. 7.6 as the rotation rate increases. 
This enhancement of the turbulence helps to increase the heat transfer coefficient near the 
inner wall. The enhancement of the turbulence level far from the rotating pipe wall was also 
observed by Orlandi and Fatica (1997). 
7.2.0.3 Visualization 
To illustrate the effect of turbulence suppression and the effect of rotation, Reich and Beer 
(1989) used the Richardson number (RI). Figure 7.9 shows RI contour plots for Cases 9 and 
10. RI is defined as 
%(m-) (7.6) 
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Table 7.2 Comparison of Nu. 
CASE rotation rate (N) Nu % cliff. 
8 Ô 28.19 Ô 
9 0.7 32.90 16.71 
10 1.3 34.36 21.89 
According to Bradshaw (1969), the centrifugal forces suppress (enhance) the turbulent 
fluctuations if RI>0 (RI<0). In the center of the annular flow (r = 0.55 for Cases 9 and 10), 
the maximum positive value of the RI is found for both cases. Therefore, the suppression 
of turbulence due to the rotation is most pronounced there. The value of the maximum RI 
becomes larger with increasing rotation rate as shown in Fig. 7.9. 
The magnitude of the instantaneous vorticity for different physical time steps is shown in 
Fig. 7.10. The physical time step was initiated when the rotational wall boundary condition 
was applied to the stationary fully-developed annular pipe flow. The transient results may 
not be exactly correct due to the assumption of spatial periodicity but these figures provide a 
qualitative description of how the turbulent structure is altered as wall rotation is initiated. A 
significant change of the structures can be seen near the rotating wall as the non-dimensional 
physical time increases. 
Rotation also influences the heat transfer in the flow. Figure 7.11 shows the instantaneous 
temperature plot for Cases 8 and 10. A higher temperature is observed near the inner wall for 
Case 8 indicating that convection is less efficient compared to Case 10. 
The instantaneous streamwise velocity contour plot is shown in Fig. 7.12. The larger 
structures are observed near the rotating wall and fine structures appear near the inner wall 
for Case 6. For Case 4 (no rotation), the turbulent structures can be seen near both walls. 
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Figure 7.6 Urms, Vrms, and TKE profiles for cases 4, 5, and 6. 
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Figure 7.7 Effect of Re and rotation rate on friction coefficient. 
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Figure 7.9 Richardson number contour plot for radius ratio = 0.3. 
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Figure 7.10 Vorticity contour plot for non-rotating and rotating cases at 
2000, 6000, and 10000 physical time steps. 
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Figure 7.12 Instantaneous U velocity plot for non-rotating and rotating 
cases. 
CHAPTER 8 LARGE EDDY SIMULATION OF THE EFFECTS OF 
INNER WALL ROTATION ON HEAT TRANSFER IN ANNULAR 
TURBULENT FLOW 
In this chapter large eddy simulation results are presented to investigate the effect of swirl 
on the heat and momentum transfer in an annular pipe flow with a rotating inner wall. The 
compressible filtered Navier-Stokes equations were solved using a second order accurate finite 
volume method. Low Mach number preconditioning was used to enable the compressible code 
to work efficiently at low Mach numbers. A dynamic subgrid-scale stress model accounted for 
the subgrid-scale turbulence. A non-uniform grid in the radial direction yielded very accurate 
solutions using a reasonable number of grid points. The numerical results are summarized 
and compared with the experimental results of previous studies. The simulations indicated 
that the Nusselt number and the wall friction coefficient increased with increasing rotation 
speed of the wall. It was also observed that the axial velocity profile became flattened and 
turbulent intensities were enhanced due to swirl. This modification of the turbulent structures 
was closely related to the increase of the Nusselt number and the friction coefficient 1. 
8.1 Problem Description 
The computational domain for the annular flow is shown in Fig. 8.1. A 4.5r2 x2r2  x2nr2  
computational domain in the x (streamwise), r (radial), and z (tangential) directions was 
employed where r2 is the outer radius of the annulus. The Prandtl number was assumed to be 
0.71. 
The isoflux wall boundary condition (qwaiiin) and the adiabatic wall condition were used 
'This chapter is based on the Journal paper in Numerical Heat Transfer(Article in press) 
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Figure 8.1 The configuration for vertical annular pipe flow. 
for the inner and outer walls, respectively. 
8.2 Results 
Simulations were conducted for air flowing upwards in a vertical annular pipe with a rotating 
inner wall. Simulations concentrated on the turbulence enhancement and property variations 
for high heat flux heat transfer as follows: 
(1) turbulent flow with and without property variations with zero wall rotation. 
(2) turbulent flow with and without property variations with combined axial flow with 
rotation. 
To obtain the above conditions, inlet Reynolds numbers of 6000, 8000, and 10000 and Taylor 
number for the rotating inner wall, Ta, of 0, 793, 1000, 1983, 3000, and 5000 were used. The 
inlet Reynolds and the Taylor numbers are defined by 
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Table 8.1 Parameters for cases. 
Case Grid Size Re Ta N 
1 48x48x80 0 6000 0 0 
IF 96 x96x100 0 6000 0 0 
2 48x48x80 0 6000 793 0.2976 
3 48x48x80 0 6000 1983 0.7442 
4 48x48x80 0 10000 0 0 
5 48x48x80 0 10000 1000 0.2255 
6 48x48x80 0 10000 3000 0.6765 
7 48x48x80 0 10000 5000 1.1275 
8-1 48x48x80 1x10' -3 6000 0 0 
8-2 48x48x80 1x10--3 8000 0 0 
8-3 48x48x80 1x10--3 10000 0 0 
9-1 48x48x80 1x10" -3 6000 1000 0.3753 
9-2 48x48x80 1x10" -3 8000 1000 0.2819 
9-3 48x48x80 1x10" -3 10000 1000 0.2255 
10-1 48x48x80 1x10" -3 6000 3000 1.1259 
10-2 48x48x80 1x10" -3 8000 3000 0.8457 
10-3 48x48x80 1x10" -3 10000 3000 0.6765 
11-1 48x48x80 1x10--3 6000 5000 1.8781 
11-2 48x48x80 1x10--3 8000 5000 1.4102 
11-3 48x48x80 1x10--3 10000 5000 1.1275 
Rein = W°'(2(r' - ri)> (8.1) 
The parameters r% and r% represent the outer and inner radii. 
r p  W w a l l ( R o  R % )  I  RQ R i  
Ta 
- n V ~~ ( ' 
where ww a u  is the tangential velocity at the rotating wall surface. 
Nondimensional inner wall heating rates, qw- ( = r), of 0 and lx 10~3 were o l u J z n  \ P r e f V r e f J - r e f C ; , "  
used. A fixed radius ratio of (Ri/R0) = 0.56 was used. Detailed conditions are tabulated in 
Table 8.1. 48 X48 X80 and 96 X96 XlOO (Case IF) grid sizes were used throughout this study. 
Generally, the Nusselt number ( N u )  is a function of Re, Ta, Gr, and Pr (Becker 
and Kaye (1959)) for the annular pipe flow with a rotating wall. But for the present study, 
Pr and ^ were fixed. A preliminary calculation showed that the buoyancy force parameter 
98 
A A Ta = 0 
O d Ta = 1000 
¥—VTa = 3000 
100 Y ^ 47 
10 
10000 
Re 
Figure 8.2 Effect of Reynolds and Taylor numbers on Nusselt number. 
(=Gr/Rein2) was significantly less than one so that buoyancy effects played a minor role 
relative to rotational effects in this study. 
Figure 8.2 shows the composite plot of the Nusselt number over a range of Taylor and 
Reynolds numbers. In order to investigate changes in the flow characteristics in the annular 
pipe flow, the data were taken at a fixed set of Taylor number as the Reynolds number was 
varied. It is hard to recognize any influence of Re on Nu at large Ta. In other words, the 
sensitivity of the effect of Re on Nu is greatly reduced for the cases of large Ta. 
The friction coefficient for the inner wall is plotted against the Reynolds number and the 
Taylor number in Fig. 8.3. The straight line (Cj = 0.0791Ee-0'25) is a reference correlation of 
friction coefficient for turbulent pipe flows. Notice that with an increase of the Taylor number, 
the friction coefficients tend to increase. 
To study grid independence, the axial velocity and the turbulent intensities are plotted 
in Fig. 8.4 with two different grid resolutions, 48x48x80 and 96x96x100 in the streamwise, 
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Figure 8.3 Friction coefficient versus Reynolds number for several Taylor 
numbers. 
radial, and circumferential directions, respectively. The disagreement between the results of 
coarse and fine grids is within a few percent, but the Urms profiles of the coarse grid is a little 
bit over-predicted compared to the fine grid case as shown in Fig. 8.4. 
The axial and tangential velocity profiles shown in Fig. 8.5 are compared with the experi­
mental results of Hirai et al. (1986) for isothermal turbulent annular pipe flow with an inner 
rotating wall. The Reynolds number was 10000. Generally, the LES results (Cases 4 and 
7) agree well with the experimental results indicating that the grid size (48x48x80) is good 
enough to carry out the current simulations. 
Figure 8.6 shows the radial profiles of the mean velocity in the axial and tangential direc­
tions. It shows that the axial velocity component, U, becomes flattened due to the effect of 
wall rotation decreasing in the central region and increasing near both walls. This explains the 
enhancement of the friction coefficient. A significant effect of the rotation is noticed near the 
rotating inner wall for the tangential velocity component, W. However, the velocity profiles 
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become flat in most of the gap. 
The radial profiles of the simulated turbulent kinetic energy (TKE) are shown in Fig. 8.7 
for a fixed Re and various values of Ta. The TKE increases with increased swirl (rotation) 
strength. Hirai et al. (1986) showed that the enhanced TKE corresponds to an increase of the 
turbulent viscosity in the production term. This will eventually flatten the profiles of the axial 
and tangential velocity components as shown in Fig. 8.6. 
The enhancement of TKE can be also explained using RI defined as Eq. 7.6. Since RI<0 (W 
increases as r decreases), the centrifugal forces enhance the turbulent fluctuations as discussed 
in Ch. 7. 
Figure 8.8 shows the temperature profiles for cases in which Ta is increasing. Comparison 
of the profiles shows remarkable differences among flow types. The profile with zero Ta has 
been transformed to a nearly flat and constant line in the center and the outer wall regions 
with increasing Ta. This results in reducing the temperature difference (or increasing the 
heat transfer coefficient) showing highly efficient mixing. Due to this efficient mixing, the 
temperature gradients near the inner wall are consistently larger than those cases without 
rotation. This contributes to the enhancement of the Nu values. 
8.2.0.4 Visualization 
The instantaneous U velocity contours are shown in Fig. 8.9 for Re = 10000 for several 
Taylor numbers. The contour plots illustrate the intense fluid mixing in the radial direction 
caused by the wall rotation. Turbulent structures are observed to be enhanced near the inner 
wall for large values of Ta. 
Figure 8.10 shows the instantaneous temperature contour plots for Cases 8-3, 10-3, and 
11-3. As the rotational velocity increases, the number of "spots" of low temperature near the 
inner wall increases. These are marked as the squares in the Fig. 8.11. Thus, the rotational 
effect near the inner wall appears to be strongly destabilizing and the turbulence is enhanced. 
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Figure 8.4 Axial velocity and rms profiles for isothermal flow at Re = 
6000. 
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Figure 8.6 Axial and tangential velocity profiles at Re = 10000 with heat 
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Figure 8.7 Turbulent kinetic energy (TKE) profiles at Re = 10000 with 
heat transfer. 
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Figure 8.8 Temperature profiles at Re = 10000 with heat transfer. 
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CHAPTER 9 CONCLUSIONS 
In this dissertation research, complex geometry (ribbed channel), buoyancy effects, and 
system and wall rotation effects were studied. The formulations in the Cartesian coordinate 
system have performed well for the annular pipe flows under significant buoyancy and wall 
rotation effects. 
9.1 Vertical Channel Flow 
Large eddy simulations of fully developed vertical isothermal wall channel flow were carried 
out with heat transfer. The effects of buoyancy on the turbulent structures for three different 
Grashof numbers were investigated. 
The Nusselt number was decreased in the aiding flow, while increased in the opposing 
flow with increasing Grashof number. Since the fully developed condition required the heat 
flux to be the same on both walls, the variations in Nusselt number were caused by changes 
in the mean fluid temperature. The effect of increasing buoyancy shifted the mean fluid 
temperature toward the temperature of the cold wall. The opposite trend was observed in the 
friction coefficient plots. The friction coefficient was increased and decreased in the aiding and 
opposing flow, respectively. This trend was thought to be due to the effects of buoyancy on 
the mean velocity distribution. The velocity profiles became more asymmetric as the Grashof 
number was increased. The buoyant force tended to destabilize the mixing near the cold wall 
enhancing the turbulent intensities. Near the heated wall buoyancy acted to stabilize the flow 
reducing turbulent fluctuations there. A similar trend was found in the Reynolds shear stress 
plot. The reduction of the turbulent shear stress near the heated wall resulted in a decrease 
in the production of turbulent kinetic energy and eventual laminarization. 
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The temperature fluctuations normalized by the mean friction temperature were increased 
in the aiding flow and decreased in the opposing flow unlike the velocity fluctuations. The 
instantaneous turbulent velocity plots also showed the effects of buoyancy and the vortical 
action was intensified. 
9.2 Ribbed Channel Flow with Rotation 
An investigation was conducted on the effects of rotation on the heat transfer in a ribbed 
channel flow using large eddy simulation. Very consistent results were obtained indicating 
that rotation stabilizes the leading side and unstabilizes the trailing side. Urms, Vrms, Wrms, 
turbulent shear stress, friction factor and turbulent kinetic energy, all consistently showed that 
the turbulence structure was greatly altered by the rotation. The turbulence intensity was 
significantly higher near the unstable side. The reattachment length also showed sensitivity 
to rotation. The reattachment length on the stable side was increased due the laminarization, 
while it is decreased on the unstable side. Rotation also influenced the heat transfer in the 
flow. With rotation, the heat transfer was greatly enhanced on the unstable side and reduced 
on the stable side. It was found that the temperature profile was no longer symmetric due to 
the Coriolis force. 
9.3 Vertical Annular Pipe Flow 
Simulations were performed for air flowing upwards in a vertical annular pipe. The sim­
ulations were concerned with the occurrence of laminarization and the effects of property 
variations for high heat flux heat transfer. 
For the low heating cases, the deviation from the Nu correlation proposed by Dalle Donne 
and Merwald (1973) was observed to be minor, but severe impairment of heat transfer was 
observed as buoyancy influences built up for high heating cases. This reduction is believed to 
be due to strong heating near the inner wall which leads to an increase in viscosity and the 
consequential enhancement in the damping of turbulence. 
The variations in the streamwise velocity distribution due to the influence of buoyancy were 
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evident near the heated wall (inner wall) and the velocity near the center was reduced as the 
maximum velocity moved toward the heated side. Similarly, a large buoyancy influence was 
observed in the distribution of the Reynolds shear stress. The position of zero crossing shear 
stress was closer to the inner wall (heated wall) than the location of the maximum velocity 
in the aiding flow, but the location of maximum mean velocity for the no buoyancy cases was 
closer to the inner wall. 
The distributions of turbulent intensities showed that the profiles tended to decrease near 
the heated wall showing the buoyancy effects for both radius ratio cases. However, close to the 
outer wall (adiabatic wall), the profiles tended to merge. 
The effect of buoyancy on u'T' and v'T' was more noticeable for the larger radius ratio 
cases than for the smaller radius ratio cases. Another noticeable characteristic was the zero 
crossing location of u'T'. The zero u'T' occurred at r = 0.6575 without buoyancy and at r = 
0.5801 with buoyancy for the small radius ratio cases (Cases 6 and 7 in Chapter 7). Similarly, 
it occurred at r = 0.7654 without buoyancy and at r = 0.7034 with buoyancy for the large 
radius ratio (Cases 8 and 9 in Chapter 7). Again, the buoyancy effect was shown to move the 
zero crossing location closer to the heated side (inner wall). 
Complete laminarization wasn't observed in this study even for the high heating cases. 
Laminarization was believed to be suppressed by the turbulent production near the insulated 
wall. 
9.4 Turbulent Annular Pipe Flow with a Rotating Outer Wall 
Simulations were obtained for air flowing upwards in a vertical annular pipe with a rotating 
outer wall. The wall rotation influenced the turbulent structures and resulted in a suppression 
of the turbulent motion near the rotating wall and an enhancement of the turbulent intensity 
close to the stationary (inner) wall. 
The variations in the streamwise velocity distribution due to the influence of rotation 
were evident near the rotating wall (outer wall). With increasing rotation rate the axial 
velocity profiles gradually approached a laminar-like profile near the rotating wall, but the 
I l l  
velocity profiles were maintained as turbulent near the non-rotating wall and, in fact, steepened 
somewhat which may account for the increase in turbulence near the stationary wall. A similar 
influence of rotation was observed in the distribution of the turbulent intensities. Close to the 
rotating wall, the rms values tended to decrease showing the effects of rotation. 
The friction coefficient for the rotating wall decreased with increasing strength of rotation. 
This phenomena is believed to be caused by the suppression of the turbulent momentum 
exchange pu'v' due to the rotation. In the case with outer wall rotation, P2 (=u'w'W/r) 
became a negative production term, which reduced the magnitude of u'v'. 
The Nusselt number tended to increase with an increase of the rotation rate. This tendency 
was due to the fact that the turbulence was slightly enhanced near the inner wall that was 
heated. 
The flow visualization revealed that larger structures were observed near the rotating wall 
and fine structures appeared near the stationary (inner) wall. 
9.5 Turbulent Annular Pipe Flow with a Rotating Inner Wall 
In order to further investigate the heat and momentum transport in flows with swirl, 
numerical studies were performed for air flowing upwards in a vertical annular pipe with 
rotating inner wall. The wall rotation influenced turbulent structures and resulted in an 
enhancement of the turbulent motion. 
The sensitivity of the effect of Reynolds number on Nusselt number was reduced signifi­
cantly for the cases of large Taylor number. The Nusselt number increased with an increase of 
the rotational rate of the inner wall. This was due to that fact that the destabilization of the 
flow field by the centrifugal force induced fluid mixing in the radial direction. 
The wall friction coefficient for the inner wall also increased with an increase of the ro­
tational rate of the inner wall. The variations in the streamwise velocity distribution due to 
the influence of rotation were evident near the rotating wall and in the central region. With 
increasing rotation rate the axial velocity profiles gradually became flattened. This resulted 
in the increase of the axial velocity gradient near both walls leading to an increase of the wall 
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shear stress and the wall friction coefficient. 
Similarly, a large influence of rotation was observed in the distribution of the turbulent 
intensities. Closer to the rotating wall, the profiles tended to increase significantly showing 
the centrifugal flow effects. The profile of the temperature with zero Ta was also transformed 
to a nearly flat and constant line in the center and the outer wall regions with increasing 
Ta showing highly efficient mixing. This resulted in a reduced temperature difference (or an 
increased the heat transfer coefficient). Due to this efficient mixing, the temperature gradients 
near the inner wall were consistently larger than those for the case without rotation. This 
resulted in the enhancement of the Nusselt number. 
The enhancement (suppression) of TKE can be also explained using RI defined as Eq. 7.6. 
Since RI<0 (RI>0) (W increases (decreases) as r decreases (increases)), the centrifugal forces 
enhance (suppress) the turbulent fluctuations. 
The instantaneous temperature plots revealed some differences between nonrotating and 
rotating flows. The number of "spots" of low temperature near the inner wall increased as Ta 
increased. Thus the rotational effect near inner wall appeared to be strongly destabilizing and 
the turbulence was enhanced. 
9.6 Contributions 
The main contributions made in this research are listed below. 
• A dynamic SGS model for compressible flows was applied to a number of flows differently 
containing effects that altering structures of turbulence. The numerical scheme with the 
model was shown to applicable to realistic flows with complex geometry, strong buoyancy 
effects, and property variation. 
• To the author's knowledge, this thesis provides the first report on simulating a vertical 
channel flow with constant wall heating with strong buoyancy and variable properties 
using the dynamic SGS and Prandtl number model. Detailed information showing effects 
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of buoyancy near the heated and cooled walls was obtained. 
• This work was the first known application of a second-order accurate, centrally differ­
enced compressible LES formulation to a channel flow with aligned ribs on both top 
and bottom walls. System rotation with significant heat transfer and variable properties 
showed significant rotational effects. The effects were shown in the higher order turbu­
lence statistics and instantaneous velocity contour plots. 
• To the author's knowledge, the wall rotation cases (both inner and outer walls) of an 
annular pipe flow was studied for the first time using LES with property variations and 
buoyancy effects. The simulation provided more precise information about the effects 
of the wall rotation on the rms profiles, law of the wall plots, instantaneous velocity 
profiles, and the gradient Richardson number contour lines. These statistics showed the 
statistical characteristics of turbulence, especially near-wall turbulence structures. 
9.7 Recommendations for Future Work 
Despite the efforts and accomplishments achieved in this study, there is much that should 
be resolved before LES is used as an important engineering tool. 
• The characteristic boundary condition needs to be applied for the outflow boundary con­
dition to deal with the cases with significant buoyancy effects in the stream wise direction. 
There are numerous challenging problems including numerical instabilities caused by the 
elliptic characteristics of the Navier-Stokes equations. 
• The immersed boundary technique has been applied by numerous researchers due to its 
simplicity and applicability for geometrically complex boundaries. The method doesn't 
require significant additional cost, and implementing this method greatly enhances the 
ability to handle the complex geometries and even moving boundaries. 
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APPENDIX A JACOBIAN MATRICES FOR FAVRE FILTERED 
SYSTEM OF EQUATIONS 
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APPENDIX B STREAMWISE TEMPERATURE DIFFERENCE 
FOR QUASI-DEVELOPED FLOW WITH HIGH HEAT TRANSFER 
For the annular pipe flow with high heat transfer resulting in significant property varia­
tions, the streamwise temperature difference from the annular pipe inlet to outlet, ATx, 
is a function of radius, r. Referring to some experimental results, the temperature may 
be assumed as 
ATx(r) = arn + c2 (B.l) 
where the constants, c\ and c%, can be determined by specifying the bulk temperature 
rise, ATj, and wall temperature difference, ATW, from the pipe inlet to outlet. 
The condition, Tx( 1) = ATW, at the wall gives 
ci + c2 — ATU (B.2) 
By assuming the axial conduction and viscous dissipation are negligible, the bulk tem­
perature difference can be calculated with the integration of the energy equation around 
the solution domain as 
A Tb = J puT dA 
PbU^A 
Equation Eq. B.3 can be expand as 
1 
x—Lx PbUbAt 
fpuTdA 
J r=0 
4çu 
-D 
ATb = 
Pb^bAc 
f  pu(T(0,r) + ATx(r))dA - f  puT(0 ,r)dA 
.J w—Lx J c=0. 
4gw 
(B.3) 
L x  (B.4) 
Since the mass flux is assumed to be periodic in the streamwise direction, Equation 
Eq. B.4 is reduced to 
Mw , A Tb = — [ puATx(r)dA 
PbUbAc J \z=Lx f-D (B.5) 
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Substitution of Eq. B.l into Eq. B.5 gives 
1 
AT& 
PbubAc 
or 
ci J purndA + c2 J pudA 
ATb — Ipur ~i~ £-2 
:—Lx  
where 
1 
JpurndA 
(B.6) 
(B.7) 
(B.8) 
^ p&w&Acj' b=z,= 
Consequently, the constants, c\ and c2, can be evaluated using equations Eq B.2 and 
Eq. B.7 as 
AT& - AT; 
c 1 
C2 
I pur 1 
I pur ATw — ATb 
I pur ~ 1 
(B.9) 
(B.10) 
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